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Preface 


This is a course book - meaning that it intends to confer not knowledge, but skill. The 
need for this skill becomes obvious if we look at the changing role of trace fossils 
during the last decades. From objects that were treated in standard paleontology text- 
books, at best, under “Miscellanea”, together with problematica, coprolites and 
pseudofossils useless as index fossils, they have become subject of a special field, 
paleoichnology. A journal (ICHNOS), Ichnological Newsletters and regular workshops 
have been established, symposia are held, and the literature has increased exponen- 
tially. This success stems mainly from the intimate connection of ichnology with sedi- 
mentology and the importance that both fields have for paleoenvironmental and ba- 
sin analysis, which becomes more and more important in petroleum exploration. 

This useful connection, however, also had its price. In the hands of biogeologists, 
trace fossils easily loose their significance as unique biological documents. They are 
commonly treated summarily as “bioturbation”, a term that was originally meant to 
describe the biogenic destruction of primary depositional structures and the lack of 
distinctive trace morphologies. In a more quantitative form, “ichnofabrics”, this ap- 
proach has had considerable success. 

On the taxonomic side, paleoichnology is all too often considered as a field, in 
which there is no limit to coining new names and taxa without affiliations. If some- 
body would take the effort today to revise Walter Hantzschel’s trace fossil volume of 
the “Treatise on Invertebrate Paleontology”, it would probably double in size. Still a 
large proportion of the ichnogenera described in the meantime would probably fall 
under “unrecognized” or “synonyms”. 

The situation being as it is, this book bypasses the necessary job of taxonomic 
revision (the divergence between lumpers and splitters is extremely wide in this field). 
Rather it concentrates on the more distinctive and representative ichnogenera. It is 
also focussed on structures left by invertebrate animals in soft sediments, treating 
vertebrate tracks only marginally and leaving out hard substrate borings, bite marks 
on body fossils, eggs, nests, and coprolites altogether. Not that such documents would 
not merit attention; but by their very nature they require a different approach and 
should better be treated, together with the respective body fossils, by systematic pa- 
leontologists. 

A word is also necessary about how this book originated and how it should be 
used. It grew out of courses I gave in Tiibingen and many other places with the aid of 
representative specimens and plaster casts. In the printed version, the plates remain 
the core, to which the text is added in the form of extended captions. It remains to be 
seen, how far the style of this course can be detached from my own personal interac- 
tion and how far colleagues with different views and experiences are willing to adopt 
it — if only to develop alternative and possibly more adequate ideas. In no case, how- 
ever, should it be done without real material, because it is the inquisitive observation 
that should be trained. In my own experience, drawing specimens with an old-fash- 
ioned camera lucida is still the most adequate method. If a form appears to be too 
complicated, more often than not it will become understandable after our brain has 
absorbed it through the pencil. Many of my drawings are new, others repeated from 
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earlier publications; but all of them have been arranged in such a way that they make 
a story and wait for the addition of your own colorful scribblings. This also means 
that you should devote more than a glimpse to these illustrations. After all, early 
illiterate periods conveyed whole world views through pictures. 

For the student that wants to delve further into a subject, relevant papers are ar- 
ranged by plates and annotated. A glossary explains the terminology. 

There follow the apologies: for not covering all ichnogenera (which can be found 
in the “Treatise”); for covering too much in a too condensed style (objection of my 
wife); and for unrealistically assuming that the time of fifteen two-hour courses could 
be spared for trace fossils in the curriculum of any school. But again, it is not the 
knowledge of forms and names that we aim at, but a method of morphological think- 
ing in terms of processes that could easily be transferred to any other subject matter. 
So let us follow the motto of my Tübingen University: ATTEMPTO (Let us try!). 
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Vertebrate Tracks 


Plate 1 
Chirotherium: 

The Sherlock Holmes 
Approach 


Plate 2 
Undertracks in Wet Sands 


Plate 3 
Tambach Ichnotope 


Plate 4 
Coconino-Type Ichnotopes 


Plate 5 
Fish Trails 


FE the early hunter stages, man has been occupied with the recognition and 
interpretation of vertebrate footprints. They were also the first objects of 
paleoichnology. Therefore it is appropriate to start a course on trace fossils with 
vertebrate tracks. We shall not attempt, however, to cover all the kinds of fossil 
footprints that range from tracks of the first land vertebrates to those left by our 
bipedal australopithecine ancestors in an East African ash bed. Rather we shall 
concentrate on the principles of their interpretation and on the conditions that 
control their preservation in the fossil record. 

Each footprint is a fossilized experiment in soil mechanics. For a footprint to be 
preserved with some degree of morphological information, the substrate must be 
cohesive. In dry dune sand, for instance, the print will immediately collapse and leave 
only a nondescript deformation - it is even less likely that such a surface impres- 
sion would survive a windy day. Most vertebrate tracks were impressed in a cohe- 
sive substrate, but still there is more to them than simple casting by new sediment. 

As the following plates show, there is a wide open field for future research. The ex- 
perimentalist may choose to work with a model dinosaur foot and step it on a variety 
of substances: sand with colored layers, dry, damp or wet; clays of different wetness; 
mica sand; sand over clay; mud over sand; layers separated by agar films etc. Or, if you 
like calculating, take up your soil mechanics book! Reasonable numbers are available 
for the load, the area of loading and the duration of loading. The properties of the 
fresh sediment is the only variable we need for an environmental reconstruction. 

No other trace fossils impress the public as much as dinosaur tracks. After one 
has seen "Jurassic Park", here is the real thing and you can almost feel the earth 
tremble under the steps of the giants! Modern geotourism kindles such emotion 
in protected track sites all over the world. In one I commonly visit with Yale stu- 
dents (Rocky Hill, Connecticut), a huge dome has been constructed over spec- 
tacular Triassic dinosaur tramplings. So visitors can view them from gangways in 
perfect artificial lighting. They can also make their own plaster cast of a real 
footprint, or see the dioramas of a lost world. 

But visitors may also wonder why there are thousands of footprints and not a 
single bone or tooth of these creatures? This question touches a fundamental prob- 
lem in paleontology: the fossil record is far from a collection of photographs of 
ancient worlds. Rather it consists of residues left-over after all possible docu- 
ments have passed through a series of taphonomic filters. The “mortichnia” shown 
at the end of this book (Pl. 75) are the extreme exception, because the fossiliza- 
tion potentials of the traces and the bodily remains of the same organism diverge 
so much, that they are hardly ever preserved in the same kind of rocks. Generally, 
trace fossils are much better preserved in clastic than in argillaceous and carbon- 
ate facies, while the opposite is true for body fossils. 

Beyond this basic divergence, there is selective preservation also among trace fos- 
sils. Therefore this chapter focuses on preservational biases in different ichnotopes. 
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Plate 1 
Chirotherium: The Sherlock Holmes Approach 


Although tetrapod footprints had been found before in 
the Triassic of Massachusetts and in the Permian and 
Triassic of Great Britain, the discovery of Chirotherium 
in the Buntsandstein (Lower Triassic) of Germany in 1833 
marks the beginning of scientific paleoichnology. The 
name Chirotherium refers to the shape of the individual 
footprint: as in a human hand, one recognizes five seg- 
mented fingers including an outspread thumb. With such 
a detailed footprint morphology it is obvious in which 
direction the trackway must be read. Within each track- 
way there is also a regular alternation of smaller and 
larger footprints, of which the larger ones can be referred 
to the rear legs, because they sometimes overstep the 
smaller prints. So the obvious question was: Who dunit? 

Outstanding scientists of the time, such as Alexander von 
Humboldt, participated in the initial hot discussion over 
this discovery, but soon it became clear that the makers 
could be neither ape- nor bear-like mammals, because 
the thumb is on the wrong (i.e. the outer) side of the im- 
pression. The interpretation of Richard Owen and 
Charles Lyell appeared more plausible, because they re- 
ferred the track to stegocephalian amphibians - the only 
group of vertebrates whose bones were known from the 
Buntsandstein. But Lyell’s reconstruction struggles with 
the thumb placement by introducing a cross-legged gait. 
It also fails to explain why the front legs, being smaller 
and weighted by an enormous skull, did not become more 
deeply impressed than the rear ones. 

The modern interpretation of Chirotherium as tracks 
of sauropod reptiles, already suggested by the turn of 
the century, became established with the classic analysis 
of W. Soergel. He started from the assumption that for a 
comfortable stepping angle of about 40° the legs of the 
Chirotherium animal had to be rather high. Its approxi- 
mate trunk length could also be estimated from the dis- 
tance between the midpoints of synchronous front- and 
rear-leg paces, because in narrow-gauge walking, shoul- 
der and pelvis should be above these points. But as with 
equal weight distribution the smaller front feet should 
have made a deeper impression, Soergel hypothesized a 
small head and a long and heavy tail for counterbalance. 
Such features could be expected in the ancestry of bipe- 
dal dinosaurs. 

The footprints themselves provide additional and 
more direct evidence. They suggest that only the fingers 
were in contact with the substrate. Also we can deter- 
mine the number of bones (phalanges) in each finger 
from constrictions in the impression. In perfect preser- 
vation one may even recognize that the skin was covered 
with horny scales - a distinct reptilian feature. The “phan- 
tom” picture that Soergel derived from this analysis was 
later matched by skeletons found in other areas, where 


facies conditions favored the preservation of bones but 
not of tracks (Haderer reconstruction). 

In the meantime, Soergel’s basic procedure has been 
highly elaborated. The majority of known vertebrate tracks 
can now be attributed to certain groups of amphibians, 
reptiles, birds, and mammals at least at the ordinal level, 
so that one can design a “family tree” of tetrapod foot- 
prints, congruent to the one derived from skeletal remains. 

A visit to the zoo makes us aware of the many kinds 
of gaits that have evolved in terrestrial tetrapods. Tracks 
in the snow also tell us that the various modes of loco- 
motion are well reflected in the track patterns. Such actu- 
alistic knowledge can be readily applied to fossil 
trackways. They show for instance, that several groups 
of dinosaurs acquired bipedality later in the Triassic. But 
it is also possible to distinguish between running and 
walking tracks made by the same organism, or between 
the wide gauge in lizard-like and the narrow gauge in 
mammal-like locomotion. It is beyond the scope of this 
course to go into details. Obviously, there is a lot of de- 
tective work to be done by dinosaur trackers. 


m Chirotherium, overstepping mud-crack fills 


Plate 1 - Chirotherium: The Sherlock Holmes Approach 
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Plate 2 
Undertracks in Wet Sands 


Buntsandstein-Type Ichnotopes. The preservation of foot- 
prints requires (a) a substrate of the right plasticity, 
(b) sediment acting as a casting agent and (c) the absence 
of erosion prior to casting. But as sand sedimentation 
reflects a high-energy event preceded by erosion, the foot- 
print can be preserved only under very special condi- 
tions. Such a situation would be a flood pool in the desert, 
in which suspended clay had settled to form a mud ve- 
neer. As the pool dried out, footprints could form and 
become hardened before a new layer of sand is blown 
over them. 

This preservational model appears to fit the common 
association of Chirotherium foot prints with polygonal 
mud cracks. The strange morphology of the crack fills 
(with a median seam and bulging sides, like the burrows 
of some worms or echinoids) is clearly due to secondary 
deformation. As the mud layer was only a few centime- 
ters thick, the cracks extended all through. Thus their 
sandy infill could fuse along the “seam” with the underly- 
ing sand. Only when the mud became compacted, did the 
non-compactable sand-wedge squeeze out into a sausage. 

More irritating is the relationship of the footprints to 
the crack fillings. According to the simple model, they 
would have been impressed when the mud was still wet, 
i.e. before the cracks could develop. But neither did the 
footprints influence the crack pattern, nor were they vis- 
ibly deformed by the opening of the cracks. On the con- 
trary we find that the footprints intersect the crack casts! 
Thus they must have been made after the cracks had be- 
come sand-filled. In other words, what we see are 
undertracks pressed through a thin sand cover into the 
cracked mud layer, which by that time had become plas- 
tic again by rain or flooding. In the present context, the 
undertrack concept is also important for understanding 
other types of Buntsandstein footprints that probably 
stem from the same tracemaker. 

The “flatfooted” variant still resembles Chirotherium 
in general outline, but the margins form a vertical cliff, 
while the sole of the impression does not even express 
the toes. It was clearly made in softer mud, but the pres- 
ervation of marginal slip traces suggests that it was also 
pressed through a protective sand cover. A third kind of 
impressions occurs not in trackways, but as isolated dig 
traces with groups of up to four claw traces. It reflects 
the digging - probably of the same creature - to a lower 
level, where undertracks had a still better chance to be 
preserved. In a regional sense, these three preservational 
types of Chirotherium characterize different sedimen- 
tary regimes within the braided river systems of the Ger- 
man Buntsandstein. 

Very strange features have been observed in Chiro- 
therium-like footprints from the Middle Triassic of 


France, where the terrestrial facies extends into the Lower 
Muschelkalk (Muschelsandstein). Some of the footprints 
are preserved as positive (inverted) epireliefs, i.e. they 
stick out from the sandstone like casts, although we deal 
with a top surface! As dogs running along a wet beach 
may produce “inverted” tracks, this phenomenon has 
been referred to the suction exerted by a flat sole that is 
quickly lifted off a wet sand surface. But this effect would 
have been even more pronounced (and not restricted to 
high speeds), if the medium around the foot were not a 
film of water, but sticky mud. Although experimental 
tests have yet to be made, it may be reasonably assumed 
that inverted footprints in the fossil record were made 
on sand overlain by several centimeters of wet mud. As- 
sociated footprints surrounded by concentric “toe webs”, 
as well as featureless “bolide” impressions, support this 
interpretation. 


Connecticut-Type Ichnotopes. A quite different group of 
track lagerstaetten is exemplified by the Upper Triassic 
sandstones of the Connecticut Valley (New England). 
Most famous is the old collection of Eduard Hitchcock in 
the Pratt Museum of Amherst College, Massachusetts. This 
museum contains his famous “fossil volume”, in which im- 
pressions can be followed through successive bedding 
planes over a thickness that may exceed the diameter of a 
single footprint. But unlike in the vertical repetition of 
arthropod tracks (next chapter), the dinosaur foot did not 
pierce through all this thickness (penetrative undertracks), 
but stamped identical copies from the top by bed-to-bed 
deformation (compressive undertracks). This means that, 
in contrast to the “pressure bulb” of soil mechanics, the 
shock load of the dinosaur foot produced a “pressure 
prism” in the sediment underneath; i.e. the sediment was 
not isotropic. Was there a deformational anisotropy 
caused by horizontal mica flakes or biomats, or is a pres- 
sure cylinder typical for shock deformation of wet sand? 

The soil mechanics approach can also be extended to 
smaller features. In the figured Connecticut Valley under- 
track, toe impressions show a fine microfault pattern 
along the toes. Closer inspection, including thin sections, 
reveals that there forms an antithetic fault system in re- 
sponse to tensional deformation - a phenomenon that 
we shall again come across in asterosomid worm bur- 
rows (Pİ. 41). 

The Connecticut Valley undertracks also reflect the 
differential loading of the toes during one step. In the 
figured slab, the top surface still shows a clear three-toed 
contour, although it was already below the sediment/wa- 
ter interface. In the next copy, however, no more than 
the front part of the middle toe is expressed by longitu- 
dinal fault ridges (undertrack deficiency). Only the claw 
actually penetrated to this level, because during the final 
push the load became concentrated on the large middle 
toe and at the last moment onto its pointed claw. 


Plate 2 ٠ Undertracks in Wet Sands 
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Plate 3 
Tambach Ichnotope 


Our third representative ichnotope is a Lower Permian 
sandstone near Tambach (Thuringia, Germany). By its 
red color and sedimentary structures (including mud- 
crack fills) it resembles the Triassic Chirotherium Sand- 
stones in the same area. Its trackways were made by rep- 
tiles with a wider gait, such as pelycosaurs, but they also 
differ from typical Chirotherium by some interesting 
preservational features. 

Let us begin with a slab (not illustrated) that is exhib- 
ited in front of the museum of Gotha (Germany) and as 
a cast in the travelling exhibit “Fossil Art”. It shows the 
hypichnial casts of a trackway and suncrack fillings. In 
this case, the cracks intersect the footprints, as expected 
in the normal sequence: moist mud/desiccation/burial 
under sand. There are, however, two irritating details. 
(1) The mud cracks consist of two superimposed systems, 
one more delicate than the other. (2) There are many 
raindrop impressions, but only in the upper right cor- 
ner. As rain does not stop at a sharp line (remember the 
beduin who insists to leave by the left door of a taxi, be- 
cause it is raining on the right side!), the rest of the mud 
surface must have already been covered by sand. 

The second example (top figures) is on exhibit in the 
Tiibingen museum (Germany). It also appears to repre- 
sent a simple desiccation sequence. The large trackway 
was obviously made while the underlying mud was still 
very wet, because its footprints are deep, smeared, and 
have squeezed-out rims. When the mud dried, cracks fol- 
lowed the line of these footprints, whose original outlines 
have been de-cracked in the right picture by cutting-out 
and refitting the clay tablets. Yet there is a paradox: in the 
lower part of the trackway, footprints are missing. Instead 
there is a much smaller footprint belonging to another 
trackway. It had obviously been made earlier and was 
covered by a small sand dune when the large animal ran 
over it. The clear outline of the small footprint (arrow), 
and the distinct impressions of pads and claws indicate 
that it was made not in soft, but more plastic mud. Prob- 
ably this represents different track generations separated 
by a rainfall that turned the mud wet again. 

A third slab, also in front of the Gotha museum (Ger- 
many), and as a cast in “Fossil Art”, further complicates 
the preservational history of the Tambach ichnotope. In 
addition to a vertebrate undertrack, it contains minute 
whirls of parallel scratches (Tambia spiralis). Their ori- 
gin was a riddle until the solution came with a unique 
trace fossil from the Oligocene Uintatherium lagerstaette 
of Wyoming. It has the shape of an inverted beehive and 
its thick wall consists of a spirally coiled cylindrical bur- 
row, in which meniscate backfill lamellae indicate down- 
ward burrowing. When the right depth was reached, the 
animal dug increasingly narrower coils and finally turned 


upward again to excavate a cavity inside. Most probably 
this is the pupa chamber of a coleopteran grub that built 
the beehive for additional protection (perhaps assisted 
by toxicity) during metamorphosis into some kind of large 
beetle (see Pl. 20 for more examples). Alternatively, the 
structure could have been made by a dung beetle to store 
its crop for the next generation. In any case, Tambia spi- 
ralis probably corresponds to the bottom of a similar 
chamber - with the difference that the sand/mud inter- 
face preserved only the scratches of the producer. Whereas 
vertical sections failed to reveal the chamber itself, its 
former presence can be inferred from a round collapse 
caldera surrounding each scratch spiral. 

As Tambia is superimposed on the footprints, it was 
certainly dug at a later stage. The association of the two, 
however, is not random: many scratch spirals coincide ex- 
actly with the toe-tip impressions, as if they had been an 
integral part of the vertebrate track! We conclude that the 
grubs duguntil reaching the bottom ofthe sand layer. There 
they preferred places where depressions in the interface 
concentrated moisture. As pupa chambers and dung silos 
penetrate to about double their width, they also tell us that 
the sand layer was at least 5 cm thick before the mud cracks 
eventually opened and rifted parts of the footprints apart 
as in the top figure (see sequence in the plate). Perhaps 
most of the sharp "suncracks" in the fossil record formed 
under sand cover without ever having seen the sun. 


m Large footprint (L. Permian, Tambach); arrow: small footprint 
in place of large one (see P1. 3) 
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Coconino-Type Ichnotopes 


Anyone who hiked down into the Grand Canyon of 
Arizona knows the Permian Coconino Sandstone and 
the reptilian tracks exhibited along the trail. Yet, few 
of the visitors wonder about their preservation. All 
the vertebrate tracks we have discussed so far were made 
in wet substrates, because dry mud is unsuited for foot- 
printing. The Coconino Sandstone, however, is a typi- 
cal dune deposit. Dune sand must be dry to be trans- 
ported by wind. It is also soft enough for tracking. In 
the morning light, dune surfaces present a beautiful 
record of the beetles, millipedes, scorpions, lizards and 
snakes that had moved over it during the night. But 
once the dew is gone, how can such delicate impressions 
survive the deposition of a new sand layer? In dunes, 
our own tracks usually penetrate deeply and fail to show 
clear outlines or shoe profiles. In contrast, Coconino- 
type footprints (and similar ones in the Permian Corn- 
berger Sandstein of Germany) have not only distinctive 
outlines. They also show details whose cotour is in- 
compatible with a surface origin: push-back hills that 
are stepped by microfaults rather than having smooth 
slopes. 

The figured trackway (Chelonichnus from the Corn- 
berger Sandstone; local museum at Rotenburg near Ful- 
da, Germany) also exemplifies the phenomenon of un- 
dertrack deficiency. Only its left file preserves the traces 
of the hand as well as the foot, the latter overstepping 
the hand impression and being less deeply impressed. 
On the right side, however, foot impressions are com- 
pletely absent. Probably the animal climbed the dune at 
an angle (see dip lines), so that the uphill foot did not 
penetrate deep enough to reach the bedding plane now 
exposed. 


m Fault deformation around dune footprint 


An undertrack origin explains not only this, but also 
another strange phenomenon. When Eddie McKee, then 
naturalist in the Grand Canyon, measured cross lamina- 
tions in the Coconino Sandstone, he found that the ver- 
tebrate tracks run almost exclusively uphill! This re- 
mained a riddle, until a similar behavior was observed 
in trilobite tracks on a rippled Silurian storm sand. In 
spite of the differences in scales and environments, the 
two examples have in common that they are undertracks. 
As more force is required in climbing, uphill footsteps 
penetrate deeper and therefore have a higher undertrack 
potential than those made downhill. 

For lay persons, dinosaur footprints have a unique 
fascination. They are also easy to forge, because no other 
material than the sediment is involved. Therefore one 
should be critical of uncontrolled new discoveries. A slab 
of Keuper (Upper Triassic) sandstone in the Tiibingen 
museum (Saurischichnus) exemplifies this. The circum- 
stances of its discovery (it was found by a local doctor 
on the floor of a farmer’s kitchen) suggest that it was not 
an intented forgery, but the delight of a loving father gen- 
erations ago. He must have produced the footprints with 
a chisel, with the result that the centers (rather than the 
toe tips) appear most deeply impressed - a situation in- 
compatible with the construction of a vertebrate foot. 

Human footprints are commonly noted in the current 
creationist debates as a proof for the coexistence of man 
with dinosaurs. In such cases it is telling that the claimed 
evidences are always negative epireliefs (rather than less 
forgeable casts). Others are casts preserved imperfectly 
enough to allow any wishful interpretation. 

Vertebrate paleoichnology is an important field of its 
own. Tetrapod tracks are sufficiently “fingerprinted” to 
be ascribed to certain taxonomic groups, at least at the 
ordinal level. Nevertheless an experienced vertebrate 
paleontologist is needed to retrieve all the biohistoric 
information encoded in such tracks. In the absence of 
other remains, they may also be used for biostratigraphic 
correlation. One should bear in mind, however, the modi- 
fications imposed on track patterns by different gaits, 
and on footprint morphology by differences in substrate 
consistence and modes of preservation. Such features 
may confuse ichnotaxonomy, but they also allow us to 
view tetrapod tracks as experiments in paleosol mechan- 
ics and to use them as paleoenvironmental indicators. 
For completeness, one should also mention the burrows 
made by vertebrates. On land, many small mammals with 
a nocturnal lifestyle use them to spend the day and raise 
their young. The large corkscrew burrows of prairie dogs 
(Daimonelix) have particularly vexed early paleontolo- 
gists, but they are clearly distinguished by size and ge- 
ometry from helicoidal burrows in subaquatic environ- 
ments, on which this book is focused. 
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Plate 5 
Fish Trails 


The term “swimming trail” (or “swim trail”) appears an 
oxymoron, a contradiction in itself: swimming is loco- 
motion in a medium that provides buoyancy and low 
friction. Accordingly, a swimming fish should avoid con- 
tact with the bottom. Yet, such trails are rather common 
in the fossil record, particularly in lake deposits. This 
has nothing to do with the lower density of freshwater, 
nor with a particular behavioral trait of its inhabitants. 
More likely it relates to exceptionally low water levels, in 
which swimming was impossible without touching the 
bottom. Another factor may be the laminated character 
of many lake sediments, which favored the formation of 
preservable undertraces. So it is probably no coincidence 
that all examples shown on this plate come from fresh- 
water deposits. 

The motion of the fin tips traced from movies of a 
modern dogfish provides the model for the trace fossil 
Undichna. Its pattern reflects the division of labor among 
fins. The tail fin (in sharks, its trailing lower wing is the 
shorter one) acts as the propeller. Therefore the undu- 
lating trace of the tail fin has the largest amplitude. Other 
fins act as keels and for active steering. Accordingly they 
follow the undulating course of the tail fin, but they are 
offset by the axial distance between the fins plus the 
motion of the body before the wave reached the pelvic 
and pectoral fins. Away from the tail fin there is also a 
decrease in amplitude. 

In Undichna consulca only the tail (dotted line) and 
an unpaired anal fin have left trails. The broad central 
groove (shaded) must have been made by the mouth, 
because it does not undulate. 

Undichna britannica shows no such groove, but the 
trails of a paired fin alternate in the rhythm of the undu- 
lation. 

The paired trails of Undichna radnicensis undulate 
with an offset of half a period, so the corresponding fins 
were farther away from the tail fin. In Undichna simpli- 
citas there are two paired fin trails, the front ones with 
an unusually wide spread. The asymmetry in the figured 


specimen is probably caused by a side current. Undichna 
quina and Undichna gosiutensis differ again by the num- 
ber, gauge and offsets of the paired fin trails. 

Except for the undulation of the elements, the situa- 
tion is completely different in the large trackway called 
Parundichna. It was found as enforcement on a riverbank 
and was traced to the original construction site, where a 
Lower Keuper (Upper Triassic) sandstone cropped out. 
In contrast to the previous examples it is not preserved 
in a laminated sediment, but as positive hyporelief on 
the sole of a sandy event bed. There is no nonpaired trace 
of a tail or anal fin and the paired fins have left sets of 
multiple sigmoidal scratches. They correspond to pro- 
jecting fin rays that actively combed the sediment (A), 
but nevertheless alternate like the footprints in a tetrapod 
trackway. 

At first glance (B) the braided pattern looks like the 
product of one pair of rayed fins acting in alternation, 
but in fact it is made by two pairs that touched bottom 
only during the active inward stroke (C). Drawing only 
the front scratches in each set and supplementing the 
unrecorded outward recovery stroke (D), one can recon- 
struct the sinusoidal courses of the four fins, resulting 
from the pendulum motion superimposed on the head- 
on motion of the body (E). 

The most probable tracemaker was a large coelacanth 
crossopterygian driven by the unpaired fins in the el- 
evated rear part of the body. The four paired fins acted 
on the bottom in the rhythm of terrestrial quadrupeds, 
probably to shy up benthic prey rather than for locomo- 
tion. 

Without showing examples, it should be mentioned 
that stingrays leave another kind of trace, which was first 
noted in the Tertiary of New Zealand. These animals are 
so flat not only for their unique mode of swimming and 
for blending with the bottom by changing color patterns. 
They also use this body for creating underneath a cham- 
ber for processing the sediment. In a way, their technique 
resembles that of trilobites (Pl. 11). In both cases, the 
chamber is flushed by respiration current, but as rays have 
no legs to dig, their excavations lack distinctive bio- 
glyphic fingerprints. 
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m Parundichna schoelli, U. Triassic (Muschelkalk Museum, Ingelfingen) 


Arthropod Trackways 


Plate 6 
Limulid Tracks 
(Kouphichnium) 


Plate 7 
Other Arthropod 
Trackways 


Plate 8 
Trilobite Tracks 


Plate 9 
Adventures of an Early 
Cambrian Trilobite 


Plate 10 
Potsdam Sandstone 
Trackways 


İthough being supported by an external instead of an internal skeleton, ar- 

thropod legs can be functionally compared to those of vertebrates - except 
that the smaller body size and the larger number of appendages makes their tracks 
more difficult to interpret. Nevertheless, some groups can be distinguished by 
characteristic track patterns, as exemplified by the trackways in the upper part of 
Pl. 7. Except for trilobites and millipedes, their makers used only a small number 
(S 6 pairs) of appendages for walking. Some of them are also heteropodous, which 
adds to their distinctiveness. But beyond the identification of the tracemakers, 
arthropod tracks offer many more challenges to the paleodetective. 

One difference is the way the legs make contact with the substrate. In land 
animals (vertebrates; insects), the tips broaden into a foot in order to reduce pen- 
etration (snowshoe principle). In contrast, many aquatic arthropods have pointed 
legs that intentionally pierce into the sediment. This improves not only anchor- 
age against passive displacement by currents or waves. At the same time, sensory 
setae concentrated near the leg tip allow the animal to probe the substrate for 
food. Deeper penetration also has an ichnologically important side effect: it in- 
creases the likelihood of preservable undertracks to be formed. However, unlike 
the stamped-through footprints of Hitchcock’s rock volume (Pl. 2), the impres- 
sions of an arthropod undertrack have actually been touched by the tracemaker. 

The other requirement for the preservation of continuous arthropod undertracks 
is a laminated (or biolaminated) sand or silt that splits easily in the fossilized 
state. As such sediments form mainly below wave base, arthropod tracks tend to 
be most common in less agitated lake deposits. As we have seen in the vertebrate 
footprints of the Coconino Sandstone (Pl. 4), laminated dune sands are another 
lithotope favoring the presentation of pierced-through undertracks. Therefore it 
is not surprising that eolian sandstones are another favorite ichnotope for tracks 
including the trackways of large arthropods: scorpions in the Permian (Pl. 7) and 
eurypterid-like animals in the Upper Cambrian (Pl. 10D). 

A very particular ichnotope is represented by the Upper Cambrian Potsdam 
Sandstone of the Eastern United States and Canada (Pİ. 10). It is not laminated, but 
reflects a narrow taphonomic window in geologic time. In order to understand its 
nature, we must sidetrack to associated impressions of jellyfish. As their body con- 
sists up to 98% of water, coelenterate medusae have an extremely low fossilization 
potential. The majority of what has been described as fossil jellyfish can better be 
explained as burrow systems (Pl. 47), or pseudofossils (Pl. 62) that happen to have 
a similar radial symmetry. The experience at modern beaches appears to contra- 
dict this statement. As medusae swim primarily for Red Queen filtration, onland 
winds may wash them ashore in great numbers. Once out of the water, they leave 
deep and well recognizable impressions in the sand. As the sun reduces the jelly- 
fish body into a thin organic film, this foil will additionally protect the impres- 
sions. So, why don’t we find them more commonly in ancient beach deposits? The 
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answer is that the impressions became wiped-out by the 
next tide - unless a resistant microbial film could develop 
during low tide to produce a kind of death masks. After 
having disappeared from permanently submerged bot- 
toms in the Cambrian Substrate Revolution (Pl. 65), they 
persisted on intertidal sand flats during Cambrian times. 
What has been said about the jellyfish impressions also 
applies to the preservation of surface tracks of large mol- 
luscs (Climactichnites, Pl. 63) and arthropods (Protichnites, 
Pl. 10) in the Potsdam Sandstone and its equivalents. Only 
because they were made on a microbial film rather than 
loose sediment did the next flood fail to erase them. 
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II - Arthropod Trackways 


Plate 6 
Limulid Tracks (Kouphichnium) 


Modern horseshoe crabs represent a strongly heteropodous 
mode of arthropod locomotion. Under its broad head- 
shield, Limulus has six pairs of chelate legs, of which the 
first pair (chelicers) is smaller and used only for eating in a 
chopstick manner. The next four pairs are larger and serve 
mainly for locomotion, but as they pierce into the sediment, 
their distal pincers also probe for potential food. 

The sixth pair of legs, in contrast, is modified into strong 
“pushers” that act as antagonists to the frontal legs and must 
accordingly carry more weight. For this function, setae at the 
forelast joint have become enlarged into blades that can be 
either folded together like a fan, or spread out like toes to act 
as asnowshoe. In the latter function, the last segment, whose 
pincers are highly reduced, is turned back like the heel of a 
bird’s foot. Because of this similarity, fossil limulid tracks 
were attributed to birds (Archaeopteryx), pterosaurs, or to 
small tetrapods (“Paramphibius”) in earlier interpretations. 

In order to understand the track patterns, however 
(Pl. 7), one must also take the undertrack concept into ac- 
count. It is even more relevant here than in vertebrate tracks, 
because limulid legs pierce relatively deeply into the sedi- 
ment. The earlier statement, that undertracks have a higher 
fossilization potential than surface tracks, is even more valid 
in subaqueous environments: corresponding surface im- 
pressions become wiped out by the slightest water move- 
ment, while impressions made on internal laminae are im- 
mediately cast, even if they are only a few millimeters be- 
low the sediment/water interface. 

In silts of lake deposits (Upper Devonian, Pennsylvania; 
Upper Carboniferous, Nova Scotia), where lamination is 
commonly accentuated by microbial films, several under- 
track copies of the same limulid trackway can commonly 
be split open. Undertrack preservation, however, also im- 
plies the successive disappearance (“undertrack defi- 
ciency”) of less deeply impressed elements of the trackway, 


m 

Limulid undertracks 

(U. Carbonif., Nova Scotia); 
a upper level, b lower level 
(see Pl. 6) 


such as the drag impression of the tail spine, or the impres- 
sions of pushers and pincers. Even the shape of an indi- 
vidual impression may change at different levels. For in- 
stance is the push-back pile commonly replaced by an an- 
terior drag pile in shallow undertrack copies. Another im- 
portant change results from the folding-together of the 
pusher blades, as the leg is being pulled out of the sedi- 
ment. This is why at shallow undertrack levels the pusher 
impression resembles the trifid footprint of a bird - but 
one pointing in the wrong direction! In the lithographic 
limestones of Solnhofen (Upper Jurassic, Germany) a sticky 
biofilm enhanced this effect. 

In an arthropod track from the Hunsriick Slates, pos- 
sibly made by the early limulid Weinbergina, several legs 
had “snow shoes” of delicate setae producing sun-like 
undertracks. More exactly, the impressions of these se- 
tae are twisted like the arms of a spiral nebula. It is this 
twist that informs us about the attitude of the legs. If the 
legs had been outspread as in a fly, a left leg would have 
rotated counterclockwise while the foot rested on the 
ground, but clockwise in a bandy-legged posture. The 
observed twist of the setae corresponds to the bandy- 
legged attitude of limulid legs. 

Still more vexing are isolated barrel-like hyporeliefs in 
Lower Jurassic sandstones. Like vertebrate scoopings (Pl. 2), 
they probably represent pusher digs at a deeper undertrack 
level. Such diggings were made locally and never occur in 
series, even though the sole faces are flat, but the shapes of 
the four scratches correspond to the setal blades of a large 
limulid pusher. Pushers of similar size are recorded by tip- 
toe impressions on bed tops. They do not occur in series, 
because tops of storm sands get always rippled before they 
become buried under the muddy tail of the same event. 
Accordingly, post-event tracks reached the sand/mud in- 
terface only in the area of the ripple crests. In connection 
with the usual undertrack deficiency, this effect adds to the 
difficulty of reconstructing trackway patterns, even though 
individual footprints may be perfectly preserved. 
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II - Arthropod Trackways 


Plate 7 
Other Arthropod Trackways 


Another group of chelicerates with a strongly heteropo- 
dous mode of locomotion were the Paleozoic eurypterids. 
As in limulids, the sixth pair of legs was the most spe- 
cialized and acted antagonistically to the walking legs in 
front. It could also be used for swimming - a task that 
falls to the gill appendages under the tail shield (opistho- 
soma) in horseshoe crabs. Tracks referable to eurypterids 
(Palmichnium) are found in finely laminated silts, but 
the giant size of some forms and the corresponding po- 
tential to produce deep undertracks allows their preser- 
vation also in coarser-grained sediments. The largest 
trackway, 77 cm wide, comes from the Carboniferous, a 
period in which body fossils of these predators also reach 
gigantic scales and is now in the Pittsburgh Museum. 

In the transition from aquatic eurypterids to terres- 
trial scorpions, which took place in the Early Devonian, 
not only the first pair of legs (chelicerae), but also the 
second one (the pincers) became modified for feeding 
purposes. The four pairs left for locomotion are similar 
in shape (paddles were no longer required) and, instead 
of being bandy-legged, spread wide enough to produce 
distinctive, non-overlapping track patterns. Without go- 
ing into kinematic details, it is important to note that the 
sets of impressions on either side of a scorpion trackway 
are no longer symmetrical, but alternate along the mid- 
line. So the coordination of leg motions has completely 
changed compared to aquatic ancestors. It can also be 
modified into different gaits, as shown by the differences 
between trackways produced during a cool night (Octo- 
podichnus) and a hot day (Paleohelcura). It is probably 
no coincidence that the figured examples come from the 
dune deposits of the Coconino Sandstone - the same 
ichnotope, in which the best dry-land tracks of verte- 
brates occur (Pl. 4). In scorpion tracks the undertrack 
origin is not as obvious, but it can be inferred from nega- 
tive evidence: as in modern dunes, these scorpions were 
probably associated with beetles and millipedes, but none 
of their traces have been found. Probably their footprints 
did not penetrate deep enough to produce preservable 
undertracks. 

In spite of their dominant role in ecosystems, insects, 
millipedes and other terrestrial arthropods are strongly 
underrepresented in the trace fossil record. To find their 
tracks, we rely on wet environments, such as the track of 
a water beetle in Permian lake deposits of Nierstein (Ger- 
many), where very fine silt and extremely thin lamina- 
tion downscaled the threshold for undertrack formation. 


But even here, most fossil insect tracks come from aquatic 
species that would normally swim in the water and pro- 
duce a bottom track only as the water level becomes very 
low. Alternatively, giants like the Carboniferous millipede 
Arthropleura crossed the preservational threshold by 
reaching the size-class of vertebrates. 


Hopping Tracks. In normal gait, animals coordinate leg 
motions in such a way that the body is supported at any 
moment. The result is a continuous trackway in which 
corresponding impressions are separated by equal steps. 
One would think that big leaps, as in grasshoppers, cica- 
das, or jumping spiders, are infeasible under water. Yet it is 
not uncommon in laminated subaqueous deposits to find 
discontinuous series of arthropod track patterns that sug- 
gest a hopping rather than walking mode of locomotion. 

The oldest hopper is represented by Tasmanadia from 
thelowermost Cambrian Strata of the Puncoviscana For- 
mation, Argentina (Pl. 65). In Allocotichnus from the 
Upper Ordovician of Cincinnati the sets converge towards 
one end, but their median lines are oblique to the direc- 
tion of movement. The two sets from the Lower Devo- 
nian Hunsrück Slates resemble the pattern of eurypterid 
footprints (except for the doubling of the flipper impres- 
sions) and are also laterally offset. Orchesteropus from 
the Carboniferous of Argentina is particularly irritating, 
because the sets in the long trackways are widely sepa- 
rated and resemble those of limulids, except that there 
are impressions of two caudal appendages instead of a 
single telson. In trilobite tracks from the Lower Cam- 
brian of the Grand Canyon (Pl. 8I) and the Upper Cam- 
brian Potsdam Sandstone (Pl. 10A), two long appendages 
(cerci) intermittently touched bottom as in associated 
normal trackways, but the sets of footprints are too widely 
separated for continuous body support. In contrast, the 
separation of successive sets in the trackway of a Car- 
boniferous centipede (Diplichnites gouldi) is not caused 
by discontinuous movement, but by the combination of 
metachronal leg motions with a snakelike undulation of 
the whole body. Accordingly, the sets show the minimum 
number of legs along the body. 

What does this mean? While excluding long jumps, 
the viscosity of water may actually favor a hopping mode 
of locomotion, but with the risk to be laterally displaced 
during the jump. At the same time, hopping tracks would 
penetrate more deeply and thereby increase the prob- 
ability of undertrack preservation compared to simple 
walking tracks. Also, the double pusher impressions in 
the Hunsrück eurypterid track may reflect an extra beat 
necessary for jumping. 
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II - Arthropod Trackways 


Plate 8 
Trilobite Tracks 


We have started our discussion with arthropods, in which 
a reduced number of legs still allows comparison with 
the gaits of land vertebrates: in walking, leg motion must 
follow a program that guarantees continuous support. 
This can be achieved either by an antagonism between 
the front and the rear legs (heteropodous modes) or a 
temporal offset between appendages on the right and left 
side of the body (isopodous modes). In multilegged 
arthropods, such as millipedes, centipedes, pill bugs and 
trilobites, coordination is reduced to metachronal waves 
of motion passing along the body. For continued sup- 
port, the distance between successive waves must be 
smaller than the body length. 

While millipedes hold the record with respect to leg 
numbers, trilobites stand out for lack of leg differentia- 
tion. Apart from a pair of flexible antennae in front, and of 
cerci at the rear end of the body in some Cambrian trilo- 
bites, there is only a single kind of appendages. Trilobite 
legs, however, were functionally differentiated within them- 
selves: the inner branch (endopodite) was used for walk- 
ing, while the outer one (exopodite) acted primarily in 
ventilation and the sieving of food particles. Each branch 
could take on additional functions, for instance in burrow- 
ing and swimming. Also, relative proportions of branches 
may change along the body. While the lack of locomotive 
differentiation among leg pairs conforms with meta- 
chronal coordination, why is there no trilobite with pincers 
or any other kind of mouthparts? The only reasonable ex- 
planation for this paradox seems to be a kind of detritus 
feeding in which all legs participated. We shall come back 
to this when talking about trilobite burrowing (Pl. 11). 

In general, trackways of multilegged arthropods are 
difficult to analyze due to the high degree of overstep- 
ping. The track of the Carboniferous millipede Arthro- 
pleura (Pl. 7), for instance, can be identified only by its 
unusual size. In trilobite tracks, the situation was differ- 
ent for two reasons. First, the gauge decreased, together 
with leg size, towards the tail end. Second, trilobites had 
a tendency to sidle, i.e. they commonly moved at an angle 
to the body axis. Thereby, sets of footprints produced 
during one metachronal wave became separated, particu- 
larly on the trailing side. These sets allow us to retrieve 
important information: 


1. Locomotion was in the direction in which the V-sets 
open. This criterion is useful, because push-back hills 
are not always developed and may be ambiguous in 
undertracks. 

2. The direction of the metachronal waves can also be 
inferred. If they had passed from the head to the tail 


end, the V-sets would appear too wide and too short 
compared with leg positions in a reasonable trilobite. 
As the opposite is the case, we may assume that the 
waves have passed headwards, as in millipedes. 

3. The number of impressions in one set is also a mea- 
sure for the number of legs involved. However, the 
smaller legs near the tail end of the trilobite may not 
have penetrated deep enough to produce an under- 
track. Therefore, leg numbers derived from trilobite 
trackways are generally too low. 


The basic trilobite track pattern may be modified by 
currents. In one Hunsrück Slate specimen (not figured), 
the tracemaker was suddenly derailed by a lateral cur- 
rent. This tells us which legs were touching bottom at 
the moment of displacement. In another specimen, a 
“tail-wind” increased the lengths of the steps, so that the 
sets are more extended than usual. 

In most arthropods, leg impressions hardly deserve 
the name “footprint”, because they lack details such as 
toe impressions. There are exceptions however, where 
the tracemaker was very large (Pl. 70) or preservation 
was exceptional. While the swirl of snowshoe setae in 
the Hunsrück Slate specimen on Pl. 6 was imposed by 
rotation of the leg tip during forward movement of the 
body, a sigmoidal variant of footprints, as observed in 
the trailing sets of oblique trilobite trackways (G; H), re- 
flects a combination of leg and body motion. If we as- 
sume that bandy-legged endopodites scratched by flex- 
ing in a medio-posterior direction, leg motion should 
combine with body motion to produce an oblique scratch; 
but as leg motion is slower in the beginning and towards 
the end of each swing, body motion dominates during 
these phases and causes the scratch to bend at both ends 
in a sigmoidal fashion. 

In Cambrian trilobite trackways, such as the ones 
figured from the Grand Canyon (K), the footprints 
may be associated with the double trails of the caudal 
cerci. As the telson of Limulus (Pl. 7), they intermit- 
tently touched bottom in the rhythm of the metachronal 
waves. Through this additional support (1), the onset of 
the next metachronal wave could be delayed, so that 
the trackway pattern resembles that of jumping arthro- 
pods (Pl. 7). 

In hermit crabs, a similar intermittent support is pro- 
vided by the gastropod shell used as a domicile. Without 
modern counterparts, such trackway would be difficult 
to understand, but in analogy to them, an Upper Cam- 
brian trackway (Pl. 10E) can be interpreted as an early 
hermit behavior. 

Knowing the basic principles of trilobite locomotion, 
we are now prepared to analyze the complex trackway 
shown on the next plate. 
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II - Arthropod Trackways 


Plate 9 
Adventures of an Early Cambrian Trilobite 


At a first look, the figured trackway from the Magnesian 
Sandstone (Lower Cambrian) near Fort Kussak (Salt Range, 
Pakistan) is unlike other trilobite trackways, because one 
cannot distinguish a left and a right series of leg impres- 
sions. Instead, sets of sigmoidal scratches alternate with 
similarly oblique sets of more blunt impressions along the 
same axis. Yet, individual scratches correspond to the pat- 
tern of an oblique Diplichnites (PL 8G,H), into which this 
trackway actually grades in the upper left corner of the slab. 
The Dimorphichnus pattern (see Pl. 70 for a Silurian ex- 
ample) simply reflects the switch from an oblique motion 
into perfect sidling. So the ichnogenus should be consid- 
ered as a behavioral variant of Diplichnites. Preservational 
variants have been called Monomorphichnus, deep 
undertraces, in which only the scratches may be seen. 

In an elongate animal, sidling locomotion might appear 
very inefficient - unless the main purpose were not to get 
from one place to another, but to screen a maximum sur- 
face. After all, this is how we move a broom over the floor. 
As another analog, brachyuran crabs (which have accord- 
ingly become shorter than wide) usually run (and swim) 
sideways. Yet, when such crabs graze an algal film on a tropi- 
cal beach, they switch to forward motion. 

Ina trilobite grazing sideways all appendages on the one 
side acted in unison and antagonistically to the opposite ones, 
with legs on the leading side pushing and those on the trail- 
ing side scratching. In both actions, legs flexed towards the 
midline, but only the tips of the pushing legs remained sta- 
tionary. In reality, however, both sets are oblique relative to 
the axis of the trackway. The reason is that the legs did not 
act simultaneously, but in metachronal waves passing from 
the rear to the front end of the body, as in the walking mode. 

With the basic kinematics, the direction of motion, and 
the head/tail orientation being established, we can now turn 
to details of this particular trackway. 


1. As motions of body and legs fall almost in line in the 
lateral gait, scratches should be straight. However, some 
sigmoidality is maintained. This means that legs did not 
bend transversely, but with a backward component; i.e. 
leg tips moved medio-posteriorly relative to the body axis. 

2. Assuming that the legs were similarly flexed in the push- 
ing and the scratching mode, what made the difference 
between the two functions? Energy input probably had 
to be higher in the pushing legs, because they had to 
counteract the scratching moment, as well as push the 
body ahead. Another difference relates to the attitude of 
the leg tip. From the bifid scratches and pusher impres- 
sions it is clear that each leg had two terminal claws. In 
several instances, however, a pair of much smaller scratch, 
or pusher, impressions indicates the presence of two 
smaller setae on the front side of the two main claws. 


Because claw configurations are known only in very few 
trilobites (but not in the chief suspect, Redlichia), this 
fingerprint is criminologically useless. Yet it tells us that 
friction of the leg tips could be modified in the pushing 
versus the scratching function. 

3. Up to 18 impressions in one step series would fit the leg 
number of Redlichia if one allows for undertrack defi- 
ciency. 

4. Sediment processing probably conformed to the basic 
mode of trilobite feeding. After having scraped in medio- 
posterior direction, each endopodite handed the crop 
over to the coxae, which acted as a metachronal conveyor 
belt to forward it to the mouth. As the food string came 
from the rear, the trilobite mouth opened backwards. It 
was rather small, but behind it, the gut immediately wid- 
ened into a “stomach”. This organ should more properly 
be described as a suction pump, because it was suspended 
by muscles between the exoskeletal glabella on top and 
the equally dome-shaped hypostome below. 


Now we can share the adventure of this particular trilobite 
more than 500 million years ago. In doing this, we distinguish 
left and right sides as they appear in the hypichnial cast. 

The animal entered the area of the slab from the lower- 
left corner in a right-lateral gait. Due to a current from the 
left, it moved rather quickly, so that the sets of push traces 
made by the right-side legs became relatively stretched. 
After 64 cm, this motion was interrupted by the encounter 
with the grazing track of a larger individual (or the trace- 
maker itself) coming from the opposite side. In response, 
the animal rotated counterclockwise by 45° and backed off 
in the opposite direction. 

Interestingly, the animal did not stop during this ma- 
neuver; rather, the switch of gears became superimposed 
on the metachronal waves (B,-B,). Within the same meta- 
chronal wave, the righthand appendages started pushing 
the body to the right and ended up scratching from right to 
left, while the legs of the left side first scratched (scratches 
change direction by the rotation of the body) and pushed 
by the time the wave had reached the head region. 

The rotation (which might have also been imposed due 
to the current displacing the less supported rear end of the 
animal) had a purpose: it offset the reverse track (now with 
the right side scratching) relative to the earlier one, so that 
double grazing was avoided. When the animal trailed along 
the previous track, locomotion - now upcurrent - also be- 
came slower, reducing the obliquity of the sets. 

Eventually, the animal went across its own track (reduc- 
ing the scratching activity while crossing) and switched from 
a sidling to an oblique gait in a wide righthand curve. Ob- 
viously it had eaten enough. 

As paleodetectives we also note a little personal clue: as 
can be seen from the drag traces produced in the scratch- 
ing as well as in the pushing function, the left front leg of 
this particular individual limped. 


Grazing Sideways 


Plate 9 - Adventures of an Early Cambrian Trilobite 
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II - Arthropod Trackways 


Plate 10 
Potsdam Sandstone Trackways 


Typical eurypterid tracks, as found in Ordovician through 
Carboniferous nearshore or estuarine sandstones, can be 
easily recognized by their size, heteropody and impres- 
sions of a broad opisthosoma that touched bottom in the 
rhythm of the leg’s metachronal movements (Pİ. 8). The 
Upper Cambrian Potsdam Sandstone of Ontario and New 
York, as well as equivalent strata in Wisconsin, commonly 
preserve trackways of similar size with a broad median 
tail impression, but without recognizable heteropody. This 
makes it difficult to single out metachronal sets of foot- 
prints and even to tell in which direction the animal was 
moving. Another difficulty is the general coarseness of 
the bed surfaces. Nevertheless the Potsdam Sandstone 
provides a unique window into early littoral environments, 
their biota, and their taphonomy. It is also fortunate that 
this window has been recently opened again by an exten- 
sive commercial quarrying operation in Wisconsin, where 
impressions of real jellyfish are associated with the tracks. 
Our plate presents examples of Protichnites from three 
different localities and environments. 

One of the tracks figured by Walcott from Essex 
County (A) is almost identical with the trilobite tracks 
(Pl. 81,K) from the Grand Canyon, in which each of the 
widely spaced V-shaped sets of leg impressions has a 
double drag trace in the middle. As the metachronal wave 
proceeded towards the head end, the paired cerci of a tri- 
lobite could well have intermittently acted as a skid sup- 
porting the rear part of the body. 

Associated trackways of similar size (B) have a median 
drag trace consisting of only one broad furrow that fits 
neither trilobite cerci nor the limulid telson. Nor are the 
footsteps arranged in easily recognizable patterns. Prob- 
ably we deal here with some kind of early merostomes 
(true eurypterids are not known before the Ordovician) 
that used their segmented, but legless, tail part for inter- 
mittent support. 

A slab from Ontario exhibited in the Redpath Museum 
(C) shows hyporeliefs of two large mollusc trails (Climac- 
tichnites; see Pl. 63) crossed by two or three trackways of 
Protichnites. Although there is some interaction, the two 
kinds of tracemakers probably did not actually meet, be- 
cause the mollusc trails are continuous and do not smear 
the arthropod footprints. More likely the arthropods were 
only reacting to preexisting trails. Nevertheless the sharp 
turns made at the encounter give us a clue to the direc- 
tion of movement. Just as the course of the rear wheels is 
backset relative to that of the turning front wheels in a 
long truck (the reason why in fire engines of old New York 
they were steered separately), the opisthosomal drag trace 
should make its turn somewhere behind that of the con- 
temporaneous footprints. On the other hand, the tail 
would occasionally swing out, producing a discontinuity 


in the drag trace. According to these criteria, the wide 
V patterns of the footprints open in the forward direction, 
as in a scorpion track (Pl. 7). Although metachronal waves 
cannot be singled out, they are reflected in the rhythmic 
swelling of the tail drag. On either side there are roughly 
eight footprints to the rhythm, or four if the legs were bifid. 

As evidenced by oscillation ripples and the tracks of 
large trilobites and molluscs, the previously discussed 
trackways represent nearshore environments that emerged 
only during low tides. Not so at a site near Kingston, Ontario, 
where similar trackways (D) climb up the slopes of eolian 
dunes! As shown in Pl. 4, dunes provide a high fossiliza- 
tion potential for pierced undertracks. But what lured 
large predators (or scavengers) out of the water at a time 
long before there were any land plants or animals? My 
guess is that they lived in estuaries and used the shortcut 
across the dunes of a barrier island to reach the flotsam 
of the open shore. This rich food source has always been 
there, but the barrier of the surf zone makes it inacces- 
sible for smaller sea animals even today. 

The intertidal sandstones presently quarried near 
Mosinee (Wisconsin) have yielded not only Climactich- 
nites, regular Protichnites, and stranded jellyfish, but also a 
variant of Protichnites that requires a particular explana- 
tion (E). Its intermittent “tail traces” resemble the ones de- 
scribed above, but instead of forming a string, they are dis- 
connected, oblique to the trail axis, and so closely spaced 
that they form a regularly shingled pattern. As the sense of 
imbrication does not change in right and left curves (the 
whole sequence of tail impressions does swing out), it can 
only be explained by a permanently oblique attitude of 
the tail part relative to the body axis. Even more vexing is 
the fact that the tail was always bent to the left side. 

In the best preserved trackway (probably the freshest 
one), each tail impression is also subdivided into four to 
five segments. But instead of being perpendicular to the 
axis of the tail, the “segment boundaries” are also oblique, 
as if one dealt with the impression of a high-spired, dex- 
trally coiled gastropod shell. The same trail also preserves 
two rows of synchronous footprints reminiscent of the 
pusher impressions of Limulus (Pl. 7). 

Two explanations come to mind. (1) The tail was ana- 
tomically connected to the front part of the body at a lateral 
angle. Nothing like this is known in modern arthropods. 
(2) As in modern hermit crabs, the tail was hidden in a 
helicoidal gastropod shell. This would explain the uniform 
obliquity, except that a dextral shell would automatically 
angle to the right side. In a scorpion-like animal that tends 
to bend its tail dorsally, however, the shell would have been 
carried on the left side. If it only served to keep the gills 
moist, it could also be much smaller than the hermit. 

After all, Ediacaran conditions continued in Cambrian 
tidal flats not only with respect to the persistence of mi- 
crobial films (which allowed surface tracks to be pre- 
served), but also by the absence of predators. 
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II - Arthropod Trackways 


L| 

Protichnites climbing dune sand 
(U. Cambrian, Ontario; cast in 
FossıL ART, 115 cm wide) 


Trilobite Burrows 


Plate 11 
Trilobite Biology and 
Cruziana Authorship 


Plate 12 
Trilobite Fingerprints 


Plate 13 
Cruziana Modifications 


Plate 14 
Cruziana semiplicata 


Plate 15 
Burrowing Behavior 
of Silurian Trilobites 


E the last chapter we have become aware of the incongruence between modern 
arthropod tracks and their fossil record: rather than the familiar impressions seen 
at the surface, it is the invisible undertracks that are much more likely to be found as 
fossils. By their deeper penetration, burrows have a still higher fossilization potential. 
This situation is particularly clear in the case of trilobites, which probably produced 
many more trackways than burrows during their lifetimes. Yet the latter are dominant 
in the fossil record. Their undertrace nature also implies that they preserve details that 
would have never survived at the sediment/water interface. Due to the high morpho- 
logical resolution, an unusually large number of ichnospecies can be distinguished 
and be used for stratigraphic correlation (see Chap. XIV). In the present context, how- 
ever, we are mainly concerned with the biological significance of trilobite burrows. 

Originally, the reliefs found at the bases of Ordovician sandstone beds (mostly tem- 
pestites) were known as Bilobites. Because this name (referring to the bilobed profile 
of the casts) turned out to be preoccupied for a brachiopod, the currently valid name 
(here used for all bilobed trilobite burrows) is Cruziana. It was given by the French 
explorer Alcide D’Orbigny (1835-1847) in honor of his friend, the general Andres de 
Santa Cruz, who united Bolivia and Peru after liberation from Spanish rule. 

Like most other trace fossils, Cruziana was originally interpreted as an algal impres- 
sion. Today its trace fossil interpretation is well established, but there have been claims 
that the non-mineralized legs of the trilobites were too weak for active burrowing. 
Therefore it is useful to repeat the main arguments for trilobite production of Cruziana. 


1. Environmental (shallow marine) and time ranges (Cambrian to Devonian, with 
rare later examples) correspond to those of trilobites. So do the size ranges, with 
giants in the Ordovician. The fact that skeletal remains and burrows rarely co- 
occur in the same rock is explained by different requirements for their preserva- 
tion (but see Flexicalymene, Pl. 11). 

2. In addition to the scratches made by endo- and exopodites, one occasionally observes 
impressions of pleural spines, as well as furrows made by the edges of head and tail 
shields. Otherwise the two sources of information remain separated, because trilobite 
taxonomy is based on the morphology of the dorsal skeleton, whereas differences 
between ichnospecies relate to the structure and activities of ventral appendages. 


Only where burrows co-occur in the same beds, can a correlation be made be- 
tween the two taxonomies (Pİ. 14). This does not mean that all ichnospecies presently 
assigned to Cruziana were necessarily made by trilobites. Other arthropods of simi- 
lar size, mode of life, and construction (e.g., limulids and aglaspids; Pl. 11) may well 
have produced similar burrows, but only in the case of the (generally smaller) phyllopod 
crustaceans (Isopodichnus, Pl. 23) does this uncertainty infringe on the stratigraphic 
usefulness of Cruziana. Before discussing their burrowing behavior, we must con- 
sider the ways trilobites got their food. 
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III - Trilobite Burrows 


Trilobite Feeding 


The strangeness of trilobite design starts with the construc- 
tion of the segmented carapace: instead of surrounding the 
body like a segmented tube, its duplicatures spread later- 
ally in a wing-like fashion (Pl. 11). Thus the non-mineral- 
ized ventral surface, with the vital food groove, gills and 
legs, remained unprotected, unless the animal hugged the 
bottom or rolled up like a litter bug, with the tail shield (if 
there was one) closing against the head shield. Due to this 
design, body flexure was restricted to the vertical plane, 
which reduced the ability to move in curves. 

Second, there was no differentiation of the appendages 
into mouth parts, pereiopods, and uropodia, because the 
paired antennae at the front and cerci at the rear end are prob- 
ably not modified legs. Otherwise, variation of the legs along 
the body is restricted to size and the proportion of their two 
branches. Of these, the lower one (endopodite) served mainly 
for locomotion. The more flexible exopodite, in contrast, was 
held aloft and never left an impression in simple trackways. 

This outfit made trilobites ill suited for a carnivorous life 
style (see Pl. 74). They were largely restricted to a kind of 
particle feeding, in which all legs were equally involved. We 
dealt with this process already in the grazing behavior of the 
Dimorphichnus maker (Pl. 9). But how did the catch of a rear 
leg reach the mouth? The clue is encoded in another strange 
anatomical feature: the trilobite mouth. It was a small open- 
ing at the rear end of the hypostome, the only element of the 
ventral integument (other than the doublure) that was stiff- 
ened by mineralization. It links with the cephalon by an arched 
suture, which is reinforced by a thickened rim, so that it could 
hardly act as a hinge. As the hypostome forms a ventral coun- 
terpart to the dorsal glabella by its vaulting and position, the 
two probably provided the rigid frame for a chamber of the 
intestinal tract. This organ is usually referred to as the “stom- 
ach”, but more likely its main function was that of a suction 
ball — except that its expansion was not effected by energy 
stored in a rubber wall, but by radial muscles and ligaments 
attached to the inner surfaces of the glabella and the hypo- 
stome. Coxae were tethered to processes corresponding to 
ex-ternal grooves that trace the boundaries between pleu- 
rae and rhachis. Thus the setate inner edge of each coxa 
could act as a gnatho-base that swung forward during the 
active stroke of the leg. If particles handed by the sieving 
expodites to the median food groove were bound by mu- 
cus, the metachronal action of the coxae (from rear to front!) 
could transport the food packages to the mouth, where they 
could be sucked into the stomach. 
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III - Trilobite Burrows 


Plate 11 
Trilobite Biology and Cruziana Authorship 


Even though trilobite authorship may be questioned in 
some cases, Cruziana burrows as a whole enrich our 
understanding of trilobite paleobiology. Together with 
the functional morphology of the dorsal skeleton, they 
tell us that these rulers of the early Paleozoic biosphere 
differed from other arthropods not only in feeding (see 
introduction), but also in the way they processed the sedi- 
ment when they burrowed. 


Trilobite Biology. Ordinary trackways (Diplichnites; Pl. 8) 
told us about the direction of metachronal waves and 
Dimorphichnus added the information that the active 
stroke of the trilobite leg was normally in medio-posterior 
direction. Kinematics also led to the conclusion that trilo- 
bite endopodites were bandy-legged. Such an attitude is 
also observed in trilobite carcasses (Phacops) of the Huns- 
rück Slates, but it may be largely a taphonomic effect com- 
parable to the inwardly coiled legs of a dead spider. Nev- 
ertheless, the taphonomic signal may be revealing. Un- 
like stiffer arthropod legs operated by antagonistic muscle 
systems, spider legs have only flexor muscles, while ex- 
tension of the legs is hydraulic. As muscle shrinkage is 
responsible for the postmortem curling of the spider legs, 
we may assume a similar mechanism in trilobites. 

If this kinetic model is translated into stationary bur- 
rowing, the medio-posterior active stroke creates a prob- 
lem, because it accumulates sediment instead of remov- 
ing it from under the body. Yet, Cruziana casts clearly 
show that the medio-posterior stroke direction was also 
maintained in burrowing: they are never surrounded by 
a groove corresponding to a rim of pushed-out sediment. 

The important conclusion is that trilobites dug pri- 
marily for feeding, not to hide. In this process, the vaulted 
pleural carapace played an essential part by providing a 
hood, under which sediment processing could go on. This 
function is also expressed by terrace lines on the ventral 
doublures and on the hypostome of the mineralized cara- 
pace. By being ratcheted towards the periphery, they kept 
the sediment from slumping into the filter chamber. This 
chamber was not completely closed: in contrast to Limulus, 
water could enter under the arched front of the cephalon 
and leave at the tail end. This model agrees with the ten- 
dency of stationary (rusophyciform) burrows to face 
ambient currents recorded by sedimentary structures. 
Thus the concerted action of the exopodites could flush 
the filter chamber and export processed sediment and 
faecal pellets at the rear side. At the same time, these 
feather-like structures could strain food particles from 
the sediment excavated by the endopodites, but their dis- 
tal ends could also assist in digging. 

Accordingly, a trilobite would normally lie horizon- 
tally in its burrow, with the head and tail ends bent up by 


dorsal flexure of the whole animal - just like the Ordovi- 
cian Flexicalymene found in its burrow. However, this 
basic behavior was modified in some groups. The maker 
of Cruziana leiferikssoni from the uppermost Cambrian 
of Newfoundland, for example, may have dug its unusu- 
ally deep burrows tail-on, an attitude in which carapaces 
of Stenopilus are preserved in penecontemporaneous 
limestones. This trilobite has a highly vaulted tail shield, 
the upper surface of which bears terrace lines ratcheted 
in reverse (anterior) direction. Tail-on burrowing, how- 
ever, required also a modified leg activity: scratching had 
to be medio-anterior and the flush stream two-way, back- 
wards below, and headwards above the canopy of the 
exopodites. Alternatively, C. leiferikssoni may have been 
dug head-down, like C. acacensis in Pl. 15. 

C. morgati, as well as C. radialis (Pl. 13) and C. polonica 
(Pl. 67), suggest yet another reason for a trilobite to get 
dug in the sediment, molting. In this critical stage it would 
need protection. But at the same time it took advantage 
of an effect we know from walking with rubber boots in 
sticky mud - only that the trilobite wanted to get rid of 
its old hull. In this case there was no filtration chamber 
left open below the carapace. When pulling its legs out 
of their ecdysial boots, the animal rather pressed its body 
down for purchase, so that coxae and proximal podo- 
meres of the endopodites left sharp impressions. 


Cruziana Authorship. Apart from the smoking gun of 
Flexicalymene, there are cases in which parts of the 
trilobite's dorsal skeleton have left an impression. Thus, 
impressions of the pleural spines can be seen in the fig- 
ured specimens of Cruziana dispar; C. goldfussi and 
C. pudica. The impression of the headshield in C. rugosa 
shows that it had no genal spine, while the angularity of 
the endopodal scratches leaves no doubt that it was not a 
tail shield. 

A head shield is also impressed in the three illustrated 
burrows from the Upper Ordovician (see also Pl. 68), but 
the difference between the scratches in the front and rear 
part of the burrow points to a leg differentiation that is 
unknown in trilobites. 

Finally, the large bilobed burrow from the Rhaetic 
(Upper Triassic) sandstone near Tübingen, Germany, 
would certainly have been called Cruziana had it been 
found in the Paleozoic. Yet, associated trackways leave 
no doubt that the tracemaker was a horseshoe crab. An- 
other Triassic homeomorph of Cruziana, but on the small 
side, is shown on Pİ. 23 under the name Isopodichnus. It 
was made by a phyllopod brine shrimp, a kind of crusta- 
cean that even today employs the trilobite mode of sedi- 
ment processing. 

Such kinds of homeomorphy may pose problems in 
nomenclature. Yet they should not keep us from inter- 
preting clearer Paleozoic examples in terms of trilobite 
biology. 
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III ٠ Trilobite Burrows 


Plate 12 
Trilobite Fingerprints 


At this point, a few remarks are in place about the muscles 
that activated the various motions of trilobite legs. Normally, 
each motion requires a pair of antagonistic muscles at each 
joint, for instance one behind the coxa for tilting the whole 
leg backward in the active walking stroke and an antago- 
nist for the forward relaxation swing. This rule does not 
necessarily apply to the flexing motion. As mentioned be- 
fore, spiders use the pressure of the body fluid to extend 
their legs after they have been actively flexed. As fluid pres- 
sure dissipates after death, dry spider carcasses always have 
the legs flexed together. This is also the case in trilobite car- 
casses (Phacops, Pl. 11). There are other reasons why the 
spider model might apply to trilobite legs. (1) They were 
also unmineralized; (2) as the active phase was always in 
the flexing mode, an undifferentiated hydraulic process was 
sufficient for reextension. 

As tracemaking is restricted to the active phases, such 
considerations are rather irrelevant for ichnologists. All 
the more important is the differentiation of the leg tips 
for various purposes. 


Endopodite Claw Traces. So far, we have treated the endo- 
podite as an articulated stick. In reality, its function was 
enhanced by setae - not only at the proximal gnathobase, 
but also near the distal tip. In body fossils, their knowledge 
is restricted to the few cases in which the non-mineralized 
appendages have been preserved by bacterial pyritization. 
As such preservation is restricted to low-oxygen environ- 
ments, this sample is necessarily biased. Ichnological evi- 
dence (mostly from well aerated sandy facies) complements 
this knowledge, even though the connection to established 
trilobite taxa remains usually unknown. Scratch morphol- 
ogy has nevertheless become an important database for the 
distinction of Cruziana ichnospecies, because due to their 
undertrace nature these fingerprints are usually well re- 
corded. To single out the scratch set made by an individual 


leg in arrays of almost parallel scratches is a more difficult 
task. Our table of typical claw patterns gives an idea about 
the diversification of endopodites for their burrowing func- 
tion, culminating in mole-like multiclawed shovels that were 
never preserved as body fossils. 

As shown by Cruziana acacensis (Pls. 15 and 70), the 
setae producing “combed” scratch sets must not neces- 
sarily have been placed on a single podomere, as is as- 
sumed in the present diagram. 


Exopodal Brushings. In contrast to the endopodites, the 
exopodites usually had a featherlike structure, fitting their 
function as gills, strainers, and ventilation fans. Neverthe- 
less they often left delicate “brushings”, which are always 
close to the lateral margins of the burrow and become more 
dominant towards the tail end of the burrow. Such brushings 
record a rearward active stroke, but their curvature is not 
the same in all ichnospecies. In the stationary (rusophyci- 
form) burrows of Cruziana aegyptica (Lower Cambrian of 
Sinai) they are convex to the outside, as should be expected 
in an appendage swinging around the base. In all other 
forms (including the associated Cruziana salomonis), the 
brushings are convex to the center. This shape can only be 
explained by a bandy-legged posture of the exopodite. 

For ventilating, straining and swimming functions, the 
exopodites had to be feathery with many thin setae. Their 
scratches, or brushings, are shown in the figures. In more 
fossorial species, however, setae near the tips may be sturdier 
in order to participate in excavation. Sets that had originally 
been interpreted as exopodal in Cruziana acacensis (Pl. 15) 
because they are rather delicate and maintain marginal posi- 
tions in the burrow, were more probably made by smaller 
setae on a more proximal podomere of the endite. This is 
suggested by their congruence with endopodal scratch sets. 
In burrows from the Lower Cambrian of Laurentia (Pİ. 66), 
whole exopodites were modified into comblike structures. 
Their scratches extend over most of the two lobes and mimic 
burrows from the Lower Ordovician of Gondwana (Pl. 68), 
in which the endopodite was modified in a similar way. 


m 3-clawed endopodal scratches: a Cruziana semiplicata (U. Cambr., Spain), b Cruziana omanica (Tremadoc., Oman), c Cruziana petraea 
(Caradoc., Jordan) 


Endopodal claw impressions 


Exopodal brushings 
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III ٠ Trilobite Burrows 


Plate 13 
Cruziana Modifications 


Apart from the fingerprints, there are other features to 
be considered in Cruziana ichnotaxonomy. 

They relate to preservation, burrowing techniques and 
behavioral programs. 


Undertrace Deficiency. Differences due to undertrack ef- 
fects should be treated as preservational noise without 
taxonomic value. Nevertheless they must be singled out. 
In stationary (i.e. rusophyciform) trilobite burrows, such 
differences are restricted to size (mainly the length). In 
Cruziana barbata (Middle Cambrian), however, there is 
also a change in scratch patterns at different undertrack 
levels. In the deepest level (which is most common due 
to the high preservation potential), one sees only the 
scratches of the front legs (a). Because they dug proversely 
(i.e. in medio-anterior direction), this variant looks like 
a Santa-Claus moustache. Where the covering sand layer 
was thinner, the medio-posterior scratches of the rear 
endopodites add a goat beard (b). Yet in only a single 
specimen (c; Göttingen, Germany, collection) was the 
sand/mud interface shallow enough to depict the com- 
plete burrow with additional exopodite brushings and 
pleural grooves. 


Instrumental Variation. Cruziana semiplicata (Upper 
Cambrian) is one of the forms in which stationary bur- 
rowing was consistently replaced by continuous plowing 
(see Pl. 14). Thereby the short “resting” traces transform 
into long cruzianaeform ribbons, along which ruso- 
phyciform resting places can nevertheless be recognized. 
We shall learn about the identity of the maker and its 
regular scribbling behavior in the following plate. In the 
non-scribbling Welsh occurrence, the profile of the 
plowings may change from two-lobed with only en- 
dopodal scratches (a), to ones with additional pleural 
grooves (b), and to the most typical variant with 
endopodal as well as exopodal lobes (c). Associated molt- 
ing burrows (d; Cruziana polonica) show coxal impres- 
sions in the center. 


Burrowing Techniques. Cruziana jenningsi (Lower Cam- 
brian, USA, Canada) shows combed exopodal scratches 
(see other Laurentian forms, Pl. 66). In addition, there 
are impressions suggesting that the head shield helped 
to shovel-out sediment from the unusually deep burrow 
dug in a head-down attitude. 


In Cruziana dispar (Lower Cambrian, Sweden) we 
observe a similar discordance between scratches in the 
front and rear parts of the body as in C. barbata. In ad- 
dition, the steep flanks of unusually deep burrows may 
show impressions of the head shield and of pleural spines 
that trace the successive deepening of the burrow. 

The giant Cruziana radialis (Ordovician, Australia) 
differs from other rusophyciform trilobite burrows 
in that the angle between opposite scratches does 
not decrease towards the rear end (see C. jenningsi). In- 
stead, scratches gradually change to a medio-anterior di- 
rection. In addition, the central part of the burrow shows 
the impressions of the coxae, as typical for molting bur- 
rows (Pl. 11). 


Burrowing Attitude. As scratch patterns made in the front 
and the rear part of the body may differ, cruzianae- 
form burrows will look different if the animal plowed 
in a head-down (prosocline) or in a tail-down (opistho- 
cline) position. 


Behavioral Variants. Some trilobites evolved particular 
behavior patterns that resulted in more effective for- 
aging. 

In the Lower Cambrian Mickwitzia Sandstone of 
Sweden, one often observes depressions with faint 
scratches radiating from the center (Cheiichnus). They 
can be explained by rotation of the body around the 
front end. Their trilobite origin, however, is uncer- 
tain, because bilobedness has been eliminated by the ro- 
tation. 

Small multiclawed trilobites from the Lower Ordovi- 
cian of northern Iraq managed to move in continuous 
scribbles, although not as regularly as in the Cambrian 
example shown in Pl. 14. Recently, “pirouettes” have been 
also found in a variant of C. rugosa in the Lower Ordovi- 
cian of Portugal. In some multiclawed plowings from the 
Grés Armoricain of France (Nantes collection) the same 
group of trilobites shaved a deep burrow with a smoothly 
curved bottom. Because this burrow is much too long to 
have been made by stationary digging and as the lateral 
walls are too steep to have stood freely, it may have been 
a protrusive spreite burrow that maintained a U-shaped 
open tunnel at the bottom. 

Palmate feeding tunnels (C. ancora) will be discussed 
in Pl. 15. Interestingly, trilobites appear not to have em- 
ployed the meandering mode of grazing, possibly be- 
cause they could not perform the sharp lateral turns 
needed for such a performance. 
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III - Trilobite Burrows 


Plate 14 
Cruziana semiplicata 


The name of this ichnospecies refers to the fact that only 
the median halves of the two lobes bear the typical 
endopodal scratches, while the outer halves appear to be 
smooth. In Pl. 12 we learned that the latter are actually 
exopodal brushings. In stationary burrows, exopodal 
lobes are prominent only in the posterior part, but in 
tail-down plowings (Pl. 13), the exopodal lobes become 
a continuous feature. Originally having been described 
from the uppermost Cambrian of Wales, this ichnospecies 
was later found at the same level in northern Spain, east- 
ern Newfoundland, northwest Argentina, Germany, Po- 
land and Oman. All these areas were at that time situated 
at the northern margin of the Gondwana paleocontinent. 


Authorship. From the presence of three-clawed endo- 
podites, bandy-legged (introvert) exopodites and down- 
turned pleural spines alone one could not guess what kind 
of trilobite species might have been responsible for this 
very characteristic trace fossil. But there was another pos- 
sibility: in the deserts of Oman, sandy storm beds con- 
tain skeletal remains together with the burrows. This rare 
situation allowed, in cooperation with a trilobite expert 
(Richard Fortey),to test the co-occurrence of skeletal frag- 
ments and traces bed by bed. Remains of the genus 
Maladioidella were actually found, but only in the trace- 
bearing beds, their size varying with the width of the as- 
sociated burrows. With this link, it is now possible to ex- 
pand the known geographic range of this trilobite genus. 


Search Behavior. In Wales, Cruziana semiplicata shows a va- 
riety of preservation styles, but otherwise it resembles other 
trilobite burrows: furrows differ in length, but remain essen- 
tially straight. In the Sierra dela Demanda of Spain, how- 
ever, a steeply dipping bedding plane exposes regular “pir- 


ouettes", in which each furrow, many meters in length, 
covers a given area like a coiled garden hose. Deeper 
rusophyciform depressions mark resting stations along 
the furrow without a change in course. This tells us that 
the animal followed a fixed program over a considerable 
time. In order to create the circles, it had to laterally tilt 
its body either to the left or right side. As lateral flexure 
was limited, trilobites could not perform tight meanders. 
Circular scribbling, or looping, was probably the best they 
could do to systematically forage a given surface. 

Thirty years after the first discovery, we went back to 
the same locality and uncovered a large adjacent area with 
more pirouettes (left slab). They were made by four dif- 
ferent-sized individuals, of which two turned clockwise, 
two others counterclockwise, but always in the same sense 
within each system. 

Circular scribbling also occur in the Oman population, 
although the outcrop situation prevents excavation of 
complete systems. Once this behavior has been checked 
in other occurrences, it might be reasonable to distinguish 
between linear and scribbling ichnosubspecies of Cruzi- 
ana semiplicata and thus bring ichnotaxonomic resolu- 
tion closer to the level of species in the body fossil record. 

More recently, similar “trilobite pirouettes” were also 
discovered in the Lower Ordovician of Penha Garcia (Por- 
tugal). Their maker, however, was related to that of the larger 
Cruziana rugosa (Pl. 66), because its endopodites had about 
twelve comb-like claws. So the scribbling program evolved 
independently in at least two groups of trilobites. 

Casts of both occurrences are now contained in the 
traveling exhibit Fossil Art. In the Spanish locality (Si- 
erra de la Demanda) we also had a depressing experi- 
ence: Only a few weeks after the additional surface had 
been excavated, cleaned and cast with the help of col- 
leagues from the University of Zaragoza, it was vandal- 
ized. Sometimes it pays to take a container of latex right 
to the field! 


Hu 
Cruziana semiplicata 
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III ٠ Trilobite Burrows 


Plate 15 
Burrowing Behavior of Silurian Trilobites 


By Silurian times, trilobites were already in decline - at least 
this is the impression one gets from diversity curves based 
on skeletal remains from the limestones and shales of Eu- 
rope. Such remains are hardly ever found in the “Nubian 
Facies” of North Africa. Here, continued cratonic sedimen- 
tation and resedimentation resulted in thick sandstone se- 
ries in which calcareous body fossils had little chance to be 
preserved. Still the clastic facies favored the preservation 
of trilobite burrows and it is from these that a remarkable 
case of behavioral evolution can be derived. 

Although there are comparable occurrences in Chad, Saudi 
Arabia, Algeria, Benin, Brazil, and Argentina (Pl. 70), the best 
exposures are in the escarpments of the Akakus Range on 
the western side of the Murzuq Basin in southwest Libya. Here, 
the sandstones prograde northward into a euxinic basin, 
whose blackshales are not only the source of petroleum, 
but also of graptolites. From these we know that the trace- 
bearing Akakus Sandstone is Middle to Late Silurian in age. 

Claw formulas reflect particular body features. Therefore 
they are the main criteria for the distinction of ichnotaxonom- 
ic subgroups, one of which is characterized by Cruziana aca- 
censis. Here, the two distal podomeres of the endopodites 
were equipped with five blunt claws of nearly equal size. In 
larger members (Cruziana bonariensis, Pl. 70) one can also 
recognize a median furrow in each scratch, corresponding to 
a notch in the claw. In the marginal zone of the burrow there 
are scratch sets that might be referred to exopodites. While 
being finer than the endopodal scratches, they have a simi- 
lar pattern and number of scratches (5 to 6). So they could 
also be referred to a more proximal podomere of the endopo- 
dite. In any case these were trilobites highly adapted to bur- 
rowing. Other characteristics are an outline slightly tapering 
towards the front end and the tendency to burrow in a head- 
down attitude (prosocline, Pl. 13). So far, members of this 
group are restricted to the Silurian of Gondwana (Pls. 69, 70). 


Cruziana acacensis. In the Akakus section, some horizons are 
covered with spectacular arthrophycid worm burrows (Pls. 42 
and 43), but otherwise the dominant trace fossil is Cruziana 
acacensis. It occurs in rusophyciform as well as short cruzia- 
naeform versions, both showing the characteristic endopodal 
scratches. In some cases, impressions of the head shield and 
of the antennae are also preserved (C. acacensis acacensis). 
This feature and the orientation against the ambient current 
(cross bedding) show that the front end is actually tapering. 

Most interesting, however, are deeper modifications 
(treated as ichnosubspecies), which show areas smoothened 
by the head shield in addition to the characteristic leg 
scratches. In C. acacensis sandalina, the surface smoothed 
by the cephalon is overhanging, so that the cast looks like 
an Oriental shoe with the bilobed scratch pattern on the 
sole. In C. acacensis retroversa, it is the scratch-bearing sur- 


face that has become overhanging, as if the body axis had 
been tilted into a headstand position during the burrowing 
process. On the flanks one can also distinguish “exopodal” 
scratch sets, which are relatively coarse, but still finer than 
the five endopodal distal scratches. Only the former can be 
seen on the flanks of C. acacensis laevigata, because on the 
sole face of these elongate burrows leg scratches have been 
completely obliterated by the scraping edge of the shield. 
Burrowing in a headstand would have been impossible in 
an open pit; it required the support of sand sinking down 
behind the animal. Because these variants are represented 
by many specimens from various horizons, they may in the 
future become useful for a high-resolution stratigraphy 
based on the evolutionary change of a basic burrowing pro- 
gram and on bed-by-bed sampling. 


Cruziana ancora. Cruziana acacensis sandalina also occurs 
farther east in northern Chad, where it is associated with 
the smaller Cruziana ancora. Without the typical bilobed 
scratch pattern, this form would be interpreted as a worm 
burrow, because it not only has a smaller diameter; it also 
consists of a U-shaped tunnel with a palmate foraging struc- 
ture at one end. The curves implied in the palmate branches 
were executed in a typical trilobite fashion: leaning to the 
side like a banking airplane, the animal turned by bending 
dorsally. In this fashion, the lateral branches have been 
plowed repeatedly, as shown by their high profile and pro- 
trusive backfill structure. 

While the basic burrowing program of Cruziana ancora 
is clear (dig a U-shaped base tunnel and add increasingly 
curved side branches on both sides of the distal exit), the body 
orientation is somewhat problematic because the faint endo- 
podal scratches converge towards the openings of the branches. 

In this dilemma, an occurrence from the other side of 
the Atlantic provides complementary evidence. In the 
Balcarce Quartzites of Argentina, several complete burrows 
were excavated from one large rock surface. Thereby it was 
possible not only to confirm the U-shape of the base tun- 
nel, but also to establish the orientation: the palmate open- 
ing always points upcurrent. 

This orientation and the directions of the scratches on the 
floor of the U-tunnel indicate that the trilobite headed towards 
the palmate end of the tunnel. In the Argentinian form (Cru- 
ziana ancora angusta), the lateral branches are less devel- 
oped. There are also two sharp ridges that could not have been 
excavated by legs. They probably correspond to the more nu- 
merous ridges at the front end of the Chad specimens and 
could be explained as diggings of frontal spines that were op- 
erated by dorsal flexure of the whole body. Alternatively they 
could correspond to antennae extending towards the surface. 

Even though interpretations may change in future stud- 
ies, these trace fossils suggest that some trilobites responded 
to increasing predator pressures by evolving complex bur- 
rowing programs that allowed them to become more or less 
infaunal - in spite of their constructional handicaps. 


Plate 15 - Burrowing Behavior of Silurian Trilobites 
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Plate 16 
Crab and 
Shrimp Burrows 


Plate 17 
Other Arthropod 
Tunnels and Nests 


Plate 18 
Ophiomorphids 


Plate 19 
Rhizocoralliids 


Plate 20 
Rhizocoralliid 
Modifications 


D“ to their relatively weak appendages, trilobites were ill-suited for deep bur- 
rowing. Only few of them produced permanent tunnels,in contrast to decapod 
crustaceans such as crabs and shrimps, whose legs are not only stiffer, but also 
have more freedom to bend in various directions. The differentiation of only five 
pairs of legs into pereiopods also allowed them to be operated individually,rather 
than collectively, in locomotion and burrowing. So it is not surprising that crus- 
taceans had less difficulty than trilobites to excavate more compact mud and to 
produce open tunnels as permanent domiciles. This ability also gave them a lead 
in the competitive trend to penetrate the sediment to deeper and deeper levels 
(infaunal tiering). In addition, this trend (and the ability to actively reinforce 
tunnel walls in looser sediments; Pl. 18) increased the preservation potential of 
the crustacean burrows, because they (1) remained open long enough to be pas- 
sively filled with different (mostly coarser) sediment; (2) they were unlikely to 
become eroded and (3) they were not erased by deeper burrows during the up- 
ward shift of tiers following sedimentation. Whereas trilobite burrows are com- 
monly penetrated by deeper-tier worm burrows (often misinterpreted as prey; 
Pl. 74), bioturbational overprints on crustacean tunnels are restricted to exploi- 
tation of their sedimentary fill by Chondrites (Pl. 74). As another preservational 
advantage, the relatively lose fill was a preferred site for concretionary 
prefossilization. The resulting calcareous, sideritic, or chertified casts are resis- 
tant enough to become secondarily reworked, or to weather out, without losing 
the details of scratch patterns (Pl. 16). Open tunnels also acted as traps, in which 
delicate microfossils are preferentially preserved in three dimensions. 

The tunnel systems of terrestrial insects have a much lower preservation po- 
tential. An exception are domiciles whose walls became actively solidified by an 
organic cement. This is the case in the nests of soil bees, in the depositories of 
dung beetles, and in pupa chambers (Pl. 3). The latter are so resistant that they 
may survive reworking and limited transport, just as body fossils. 

There is also the question, whether insect nests should be classified as trace 
fossils? It becomes critical in objects like bee or wasp nests constructed above 
ground, or in the minings made by larvae in leaves or bark. Coprolites and cololites 
are a similar case. Such objects are fossilized and their interpretation poses the 
same problems as ordinary trace fossils. Still they are not covered by the present 
text, which only deals with traces in the sense of biogenic sedimentary structures. 
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IV ۰ Arthropod Tunnel Systems 


Plate 16 
Crab and Shrimp Burrows 


Crab Burrows. On tropical beaches today, the dominant 
tunnel builders are brachyuran crabs. Their tail is folded 
under the body, so that the animals are wider than long. 
They can run sideways, and reverse gears, at consider- 
able speed. In tube-dwelling species (e.g., fiddler crabs), 
body length has become even further reduced, so that 
the now cigar-shaped animal fits perfectly into the cy- 
lindrical tunnel, as shown in the diagram. These crabs 
are active during low tide, grazing the algae that develop 
at the sediment surface. While scraping the sediment with 
the pincers in a medio-posterior direction, they employ 
a forward gear in order to scan a broader surface (like 
Dimorphichnus, Pl. 9), but upon the slightest disturbance 
they switch to sideward running and retreat into the bur- 
row. Other activities also take place at the surface, such 
as defense of the territory against neighbors, or court- 
ship. For this purpose male fiddler crabs (Uca) have en- 
larged one of their two claws into a colorful flag waved 
according to specific codes. For a patient observer will- 
ing to remain motionless in spite of mosquito bites, these 
activities provide a fascinating spectacle. They also leave 
a record in the form of tracks and scratchways radiating 
from burrow entrances, but this protocol does not sur- 
vive the next flood and never enters the fossil record, be- 
cause the algal skin does not resist erosion. What we find 
are the vertical burrows. Only in exceptional cases - as in 
the figured chertified cast from the Cretaceous chalk of 
northern Germany - are leg scratches preserved on their 
surfaces. Their pattern registered by rolling the cast over 
clay like a cylinder seal reflects a brachyuran tracemaker. 
Otherwise burrow morphologies show little variation, 
because most brachyuran galleries serve the single pur- 
pose of shelter against enemies, high tides and storms. 


Shrimp Burrows. The great majority of post-Paleozoic 
crustacean burrows can be ascribed to ghost shrimps, as 
represented by modern species of Callianassa and 
Upogebia (Pl. 18). These are relatives of the hermit crabs 
whose exoskeleton is weakly mineralized (and hence 
transparent: “ghost” shrimps) except for the claws, which 
are the only body parts likely to be fossilized. In modern 
environments, ghost shrimp are rarely seen because of 
their truly troglodytic existence; like moles, they spend 
all their lives in the underground tunnel systems. Only 
the expert recognizes their presence from the volcano- 


like cones of flushed-out sediment (Pİ. 18). On these 
mounds, one may also find the characteristic faecal pel- 
lets, whose complex internal structure makes them strati- 
graphically useful in the fossil record (Favreina). More 
recently, paleontologists working in modern mud flats 
managed to make epoxy casts of complete burrow sys- 
tems and dig them out by underwater “vacuum clean- 
ers”. By their size and complexity, such casts would de- 
serve a place in a gallery of modern art, but for the bi- 
ologist they express complex behavioral programs and 
reveal functions that different parts of the tunnel system 
had in the life of the inhabitant shrimp family. 

Fossil examples show similar morphologies, but they 
also provide additional information. In the figured speci- 
men from the Miocene of Spain, for instance, pointed ends 
and claw traces running at a slight angle to the burrow 
axis reflect a certain digging technique, in which the pin- 
cers probably made headway, while the other pereiopods 
widened the tunnel by scraping the wall in tailward di- 
rection. As the scratch pattern is the same all around the 
cast, the animal must have also rotated along its axis while 
excavating (a trilobite would have had difficulties in do- 
ing this). There are also finer “brushings” on both sides 
of the branching points. They were probably made by 
the setate tail appendages, which serve as gills and also 
ventilate and flush the tunnel system. Such details can- 
not be seen in a modern cast, which depicts the wall af- 
ter it has been lined with mucus. Behavioral modifica- 
tions will be discussed in Pl. 18. 

Neglecting that through Earth history shrimplike crus- 
taceans other than Callianassa probably produced simi- 
lar burrows (the earliest known examples are from the 
Paleozoic), one may informally group all branching crus- 
tacean tunnels into one ichnofamily, Ophiomorphidae 
(name derived from the most familiar representative, 
Ophiomorpha). Even if they are taxonomically heteroge- 
neous, they share a number of characters: 


1. They maintain a deeper tier than other burrows and 
are therefore preferentially preserved. 

2. Vertical shafts tend to branch at depth into a boxwork 
of largely horizontal tunnels. 

3. Atthe dichotomous branching points, tunnel diameter 
increases as in elk antlers, in order to provide space 
for the animal to turn around by somersaulting. 

4. If scratches are preserved, they run at a slight angle in 
two directions, so that their overcrossing produces a 
rhombic network. 
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IV ۰ Arthropod Tunnel Systems 


Plate 17 
Other Arthropod Tunnels and Nests 


The previous examples made it clear that the architec- 
ture of a particular tunnel system is not sufficient to iden- 
tify the owner, because different groups of animals may 
have independently evolved the same burrowing tech- 
niques and behavioral programs. Thus additional clues 
are necessary to single out rhizocoralliids made by crus- 
taceans (Pts. 19-20), but due to preservational constraints 
only few of the potential criteria are available in any single 
occurrence. This dilemma increases with regard to less 
known, or less distinctive, burrow morphologies. This 
chapter presents cases, in which at least an arthropod 
origin may be assumed. 


Teichichnoid Forms. One may question whether this group 
of burrows should be referred to Teichichnus (Pl. 41), 
whose arthropod affiliation rests on the weakest of all 
criteria: size. Yet the Cambrian Teichichnus rectus well 
represents the basic architectural principle. Even though 
only the retrusive spreite is preserved, there was clearly 
a generating tunnel. While functioning as a U-tube, it 
had no vertical shafts and more closely resembled an 
inverted arch. Unfortunately no scratches or faecal pel- 
lets are preserved in T. rectus; nevertheless its thumb- 
like diameter (as in all following examples) is the only 
argument for a crustacean, rather than a wormlike, 
tracemaker. 

A form from the Middle Cambrian sandstones of 
Oland, Sweden (not figured) looks very much like 
Teichichnus in vertical outcrops, but as the retrusive 
spreite lamellae are bilobed, it may represent trilobite- 
made tunnels. It would be worth the effort to search for 
a specimen penetrating into an underlying shale in or- 
der to corroborate such an interpretation by Cruziana- 
like scratches. 

In the architecturally similar Trichophycus from Or- 
dovician limestones, such scratches are preserved (hence 
the name, meaning “hairy seaweed”) and sometimes oc- 
cur in sets of up to six parallel scratches. They suggest a 
trilobite maker (e.g., Cryptolithus); but scratch patterns 
in other occurrences are more likely made by crustaceans. 


Serial Teichichnids. Besides providing only limited protec- 
tion, shallow teichichnid burrow systems have the dis- 
advantage that retrusive spreite production must end 
when the tunnel gets too close to the sediment surface. 
Therefore it is not surprising that some forms tend to 
expand their mines by intermittent dislocation of one 
tunnel exit. This results in a more complex spreite struc- 
ture: while backfills are retrusive at every station, expan- 
sion must proceed in a protrusive mode. New fields may 
be opened also in Trichophycus, but in the following forms 
this was done in a regular fashion. 


The earliest example is Ctenopholeus from the Lower 
Devonian Hunsriick Slates. In Margaritichnus from the 
Lower Carboniferous (Colorado, Kansas, and Morocco), 
the shafts follow in line at short distances, but instead 
of opening to the surface, they appear to end blindly 
like upside-down elephant feet, but still this may result 
from only the spreite being preserved. In material 
from Morocco, openings proceed protrusively and in 
one case alternate, as in the Irish Intexalvichnus of the 
same age. All these forms must be studied by serial 
sectioning before the underlying programs can be fully 
understood. 

Pholeus abomasoformis from the Muschelkalk of 
northern Germany (Pl. 18) appears to stem from a crus- 
tacean unrelated to ghost shrimps. Probably the inhab- 
itant used the wider chamber as shelter, but added a nar- 
rower vertical shaft for easier ventilation. Otherwise the 
fossil appears to be a simple internal cast of the cavity, 
without a backfill body. 


Insect Burrows. In terrestrial habitats, insects make 
domiciles in various substrates, some of which also 
provide food (wood or leaves). In the present context 
we focus on wet-sediment burrows made by insect lar- 
vae. They are usually backstuffed behind the animal, 
rather than forming transversal backfills as in rhizo- 
coralliid and teichichnid burrows. As one would expect, 
insect burrows are generally restricted to nonmarine 
sediments. 

Scoyenia (Pl. 32) occurs in redbeds of Permian and 
younger ages, where it forms straight ridges on the soles 
of thin sand layers. In this mode it may preserve delicate 
longitudinal scratches which are arranged in groups and 
give the tunnel cast a somewhat “segmented” appearance. 
In stretches where the animal happened to backfill mud 
instead of sand, the hypichnial ridges may also switch 
into sharp-edged grooves. Potential makers are insect 
larvae that bulldoze below microbial mats in the style of 
“undermat miners” (Pl. 45). 

In mud puddles, insect burrows appear as elevated 
ridges tracing the course of the tunnel underneath. The 
figured modern spiral trace was observed in such a 
puddle. In a fabricational sense, it reflects a program, 
in which probings are made only to one side and stop 
short before hitting a previous tunnel. When there is 
no more space left, the larva turns into a pupa, from 
which the fly emerges after metamorphosis. So the func- 
tion of this complex pattern is probably that of a protec- 
tive fence around the most vulnerable stage of the insect’s 
life cycle. The beehive-shaped wall of Tambia from the 
Oligocene titanothere beds of Wyoming, in another 
preservation and associated with Permian vertebrate 
tracks (Pl. 3), reflects a similar strategy. Similar pupal 
chambers are known from the Tertiary of South America 
and Australia. 


Plate 17 - Other Arthropod Tunnels and Nests 


Backfilled Arthropod Tunnels 


= ۳ 
Xə. Ku: DN 


0 
یی‎ Ë 
575 b 


teten Sa 
X jM - D 


un 
دن یں‎ ai 


M 
R 
ALT 


k 


^ 
ENTE 
Mat 
SS 


Trichophycus, Ord., Norway 
possibly made by Cryptolithus 


defence 
zones 


Permian 


Tambia 


pupa chamber of modern 
insect in mud puddle 


53 


54 


IV ۰ Arthropod Tunnel Systems 


Plate 18 
Ophiomorphids 


Tunnel Systems. We have already talked about ghost shrimp 
burrows in the text to Pl. 16. Basically there are several shafts 
connected at depth by a horizontal gallery system. The tunnels 
may reach 10 cm in diameter and anastomose into hexagonal 
meshes (the figured Thalassinoides suevicus comes from the 
Lower Jurassic). There may also be bulb-shaped “turnarounds” 
between branchings, as well as a corkscrew extension to lower 
levels (Gyrolithes), whose function will be discussed below. 
At first glance, Granularia from Late Cretaceous (and 
younger) deepsea turbidites (flysch facies) looks very differ- 
ent. It reaches only the diameter of a pencil and the branchings 
are sparse and form angles smaller than 120°. Yet, the pres- 
ence of turnarounds, scratches and pelletoidal linings (from 
which the name is derived) suggest an ophiomorphid rela- 
tionship. Therefore this may be another example for the gen- 
eral onshore — offshore trend. In the deepsea environment 
the shrimp responsible became not only miniaturized, but also 
penetrated more deeply (possibly several meters; see Pl. 72). 
This behavior allowed them to reach the nutrient-rich bases 
of new sandy turbidites. At the same time, the original box- 
work changed into a more centralized system with a reduced 
number of shafts and long probes along the turbidite sole. 


Preservational Modifications. On Pl. 16 we discussed scratch 
patterns (Spongeliomorpha preservation). They are pre- 
served in the cast if the tunnel was dug in stiff mud or as it 
crossed the interface between sand and an underlying mud 
layer, but due to secondary wall linings they may not be seen 
on the inside of the actual tunnel (Thalassinoides preserva- 
tion). In clean sand, however, the shrimp has to protect the 
wall against collapse and against erosion by its own ventilatory 
current. This is done with distinctive mud pellets. As they 
are globular and much larger than thalassinid fecal pellets, 
they probably consist of material sorted out and shaped by 
the mouth parts like the sand balls of modern ghost crabs 
(Ocypode). Because these balls tend to become diagenetically 
mineralized, specimens weathered out from loose sands 
show a typical cobblestone pattern (Ophiomorpha preser- 
vation). In other cases the modification of the fossil burrow 
is strictly diagenetic: shafts served as a conduit, so that a 
concretionary halo formed in the surrounding sediment. In 
less consolidated matrix, such as the Cretaceous Chalk, a 
weathered-out “Paramoudra” may be several meters high 
and by far exceed the diameter of the burrow nucleus. 

In consolidated storm sands, horizontal gallery systems 
are exposed on bedding planes. On top surfaces, they form 
positive epireliefs with smooth surfaces (casts of inner tun- 
nel) and rims of weathered-out mud pellets. On sole sur- 
faces they occur either as three-dimensional Thalassinoides, 
or as washed out hyporeliefs without sharp margins, i.e. 
tunnels dug in stiff mud became uncovered and buried again 
during a storm. 


In micritic limestones, one commonly observes a cylin- 
drical tube running along the crest of the shrimp burrow, as if 
a worm had been creeping along the already filled tunnel. In 
reality it is an artifact related to the filling process itself. Com- 
parable draft fill channels are known in ceratite steinkerns, in 
which the phragmocone chambers became gradually mud- 
filled by draft currents. Eventually only a channel with the 
diameter of the narrow siphuncular passages is left on top of 
the fill. This principle can be applied to Callianassa burrows, 
because their openings are always narrower than the tunnel 
and its inhabitant, who never leaves its burrow voluntarily. 


Functional Modifications. The micritic Krebsscheren-Kalke in the 
Upper Jurassic of southern Germany must have been a para- 
dise for ghost shrimps: their pincers (the only well-calcified 
parts of their exoskeleton) are so common that the formation 
was named after them and that contemporary tube-worms 
used them for constructing their walls. Ophiomorphids show 
not only draft fills, but also modifications that are clearly bio- 
logical. One variant looking like the base of a candle holder is 
difficult to explain. It may have served for food storage (some 
modern Callianassa species store plant material for fermenta- 
tion), as a brood chamber, or simply as a terminal turnaround. 

A typical Thalassinoides in the Cretaceous of Texas has a 
stack of teichichnoid lamellae (Pl. 41) below the horizontal 
tunnels. Such backfill structures are actually more common, 
but have escaped attention in other occurrences. 

In an occurrence in the Miocene of Borneo, burrows are 
selectively sideritized. During this process the internal struc- 
ture got lost, but the whole backfill bodies weather out with 
perfectly preserved surface patterns. What resembles the turn- 
around swellings in ophiomorphid burrows was in reality a 
sanitary dump for faecal pellets, whose ellipsoidal shape (en- 
larged picture) suggests that the maker was nota ghost shrimp. 

A last modification are the corkscrew tunnels (Gyrolithes). 
Their connection with Ophiomorpha is shown by the speci- 
men from Switzerland. Vertical sections in Miocene sands of 
New Zealand look like puppet faces, because the lining of mud 
pellets is restricted to the roofs, where it was most essential. 
Another cast from Tertiary limestones in Venezuela (Univ. of 
Caracas coll.) has a draft-fill channel. It indicates that the spiral 
section was not dead-ended, but connected with the surface at 
both ends, in spite of being at the deepest level of the boxwork. 

Consequently, Gyrolithes may be a farming burrow. Being 
actively flushed by oxygenated surface water from above, and 
supplied with reduced pore water from below, the floor of 
the corkscrew tunnel would have been an ideal place to farm 
sulfuricant bacteria. Regarding the functional significance, 
comparison with the much larger Daimonelix in Miocene 
paleosols of Nebraska and the Permian of South Africa is 
pointless: these were made by tetrapods (rodents and 
therapsids, respectively), for whom a spiral staircase is more 
convenient than climbing up and down in a chimney. Ghost 
shrimps, in contrast, are able to bend their legs to the dorsal 
side, and have no problem moving in a vertical shaft. 
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IV ۰ Arthropod Tunnel Systems 


Plate 19 
Rhizocoralliids 


So far we have been able to relate trace fossils to certain groups 
of animals - at least at the level of classes and phyla. In the 
group of fossils that may informally be called rhizocoralliids, 
such distinction cannot be consistently made, because their 
main character is a particular technique of burrow construc- 
tion rather than kinship. Today it is practiced by unrelated 
aquatic animals, such as worms, crustaceans and insect lar- 
vae (Pl. 17);so the producer can only be inferred in fossil forms. 


Polydora. The polychaete worm Polydora certainly does not 
fit the heading of this chapter. Yet its borings in hard sub- 
strates are well suited as a model for the much larger 
rhizocoralliids, the majority of which was probably made 
by shrimplike crustaceans. 

Polydora burrows are most familiar as bioerosional shell 
borings. As fossils, they are known as Caulostrepsis and may 
also be found in calcareous rock grounds. Essentially they are 
U-tubes in the shape of an old-fashioned hairpin. What makes 
them distinctive is that the area between the two limbs is filled 
with weakly cemented sediment grains. After the inhabitant 
has died, this backfill becomes readily washed out, so that the 
burrow transforms into a slit with a dumbbell-shaped cross 
section. By breaking it open, or making a resin cast and freeing 
it with hydrochloric acid, one can also see traces of former 
U-tubes between the two shafts. They record the gradual deep- 
ening of the U (Pl. 36) required by the growth of the tenant. 

In order to maximize safety against predators and ero- 
sion, penetration should be perpendicular to the surface of 
the substrate, but in mollusk shells the limited thickness of 
the substrate forces the borer to deviate parallel to the sur- 
face. The figured example from a Red Sea pearl oyster shows 
some interesting modifications. 


1. The original hairpin first turned flat and then developed 
two separate lobes at a deeper level. Did lengthening only 
serve to accommodate the growing length of the worm? 
Alternatively, it could be related to foraging on organic 
components or on microscopic borers, such as algae, 
within the shell. 

2. Between two lobes there is a backfill structure (“spreite”) 
on the wrong side (asterisk). This suggests that the worm 
mistook the sharp bend as a cue and penetrated its own 
backfill. 

3. One of the apertures followed the growth of the host 
shell by extending into a shallow radial groove that ends 
at the shell margin. The animal probably parasitized on 
the inhaling current of the host for its own ventilation 
and possibly for suspended food. The other opening 
stayed behind and functioned as an exhaustor. 


Polydora (perhaps even the same species!) may also dig 
into stiff mud exposed along tidal channels. In this case, 


the hairpin tubes are always perpendicular to the surface 
and never become lobate. The block diagram shows the 
animal at the base of such a tunnel. Note that the parapodial 
setae of the fifth body segment are modified into a nearly 
horizontal shovel operated by muscles. As shown by steeply 
oblique scratches in the burrow wall, they remove sediment 
from the floor of the tunnel and transport it to the ceiling, 
where it is plastered with mucus secreted by the body wall. 

How can this technique transform into shell boring? The 
answer is probably that the mucus is acid enough to chemi- 
cally soften the substrate for subsequent mechanical removal 
in the described fashion. 

The third picture shows the behavior of Polydora after it 
was placed into a petri dish filled with a layer of very soft 
mud. In this experimental situation, the animal could not 
burrow vertically; instead it dug along the glass wall, so that 
the burrowing process could be directly observed over sev- 
eral hours. 


Fossil Rhizocoralliids. Being larger (tube diameters reach 
more than a centimeter) and lithified, fossil examples are 
much more suitable for the study of backfill structures than 
modern ones. The term “spreite” used for them (as well as 
the name Rhizocorallium) comes from the time when fossil 
burrows were considered as seaweeds: for German bota- 
nists, spreite is the part spreading between the veins of a 
plant leaf. Sections reveal that the rhizocoralliid spreite con- 
sists of stacked lamellae of reworked sediment whose shapes 
correspond to the ceiling of the U-bend, i.e. they resemble 
the rim of a bicycle wheel, whose curvature is opposite in 
longitudinal and cross sections. Such a structure is called 
protrusive, indicating that the U became deeper at every 
stage. This applies to most occurrences of the vertical Diplo- 
craterion, but in the Rhaetic Sandstone (Upper Triassic, 
southern Germany), the spreite is always retrusive, with the 
lamellae looking like the fender of a bicycle and the termi- 
nal tunnel being on top. In a Devonian sandstone, the late 
Roland Goldring observed a combination of the two struc- 
tures. The name he gave, Diplocraterion yoyo, well describes 
the down and up motion of the U-tube. As the switch to the 
retrusive mode (and vice versa) implies reworking of the 
former backfill, the up and down was probably a response to 
erosion and sedimentation. In other words, Diplocraterion 
was not a feeding burrow, but the easily flushable domicile 
of a suspension feeder. Rhizocorallium itself follows the same 
principle, but the plane of its spreite is inclined or bends 
into the bedding plane at depth. It also is never retrusive and 
may become excessively long without gaining increased se- 
curity. The conclusion that its maker was a sediment feeder 
is corroborated by rod-like fecal pellets lining the tunnel wall 
and making up most of the spreite. As the ratio between pel- 
let and tunnel diameters (the latter corresponding to the 
circle in drawings) is the same in large and small Rhizocoral- 
lium, they must be the products of the owner, whose nar- 
row anus matches a crustacean better than a worm. 
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Plate 20 
Rhizocoralliid Modifications 


Through the Phanerozoic, the basic rhizocoralliid pro- 
gram has been modified in ways that can be explained by 
changes in function (dwelling versus feeding burrows) 
and fabrication (behavioral programs), while other dif- 
ferences are due to preservation. Yet, it often remains 
uncertain whether the makers were arthropods or worms. 


Functional Modifications in Softgrounds. Rhizocoralliid 
burrows are primarily flushable domiciles that can be 
adapted to the growth of the inhabitant without it hav- 
ing to leave, but the same technique can also be used to 
mine the sediment for food. Modifications indicate 
whether or not this additional function was important. 


Rhizocorallium. Excessive length of the tube (with more 
energy required for flushing), inclined or horizontal bur- 
rowing (with little gain in security), and faecal pellets 
suggest that Rhizocorallium was a feeding burrow, whose 
effectiveness could be improved by modified programs. 

A large form found in highly bioturbated sands of the 
Upper Jurassic (Boulogne, France) is slipper-shaped. In 
contrast to the diagram in Pİ. 19 (based on specimens 
from the Upper Triassic of the German Alps), the retrusive 
teichichnoid spreite structures below the terminal tun- 
nel are not the accidental product of sediment falling 
from the roof of the U-tunnel. Rather, the slipper shape 
reflects a fixed two-stage program: the animal first in- 
creased tube length by constructing an inclined protru- 
sive spreite and then switched to an upward retrusive 
mode. In this phase the tube became again shorter, but 
without reworking parts of the earlier spreite. However, 
this process could not be continued indefinitely; it is a 
kind of count-down program. 

A corkscrew version (Lapispira bispiralis, Lower Ju- 
rassic; spreite hypothetical) was possible because it main- 
tains the inclination of the spreite. In contrast to spiral 
worm burrows (Zoophycos, Pl. 38; Daedalus, Pl. 44) its 
central shaft is not straight, but forms a steeper screw. 
Wider horizontal circles occur in the Permian (Bellero- 
phon Limestone) of Austria. 

On the other hand an irregularly winding course within 
the bedding plane (Triassic and Jurassic) often leads to a 
lobate spreite: without a gravitational compass, the animal 
relied on the signal of its own body flexure to induce spreite 
construction. Thereby it interpreted accidental bends in the 
primary limb tunnels as a signal to produce secondary lobes. 
The gain of new exploration fields evidently outweighed 
the disadvantage of a longer ventilation tunnel. 

All these variants support the view that Rhizocorallium 
was basically a feeding burrow; but its irregular strati- 
graphic distribution does not (yet) allow to establish a 
behavioral genealogy. 


Diplocraterion. The occurrence in high-energy sands, ver- 
tical orientation, and the response to sedimentation 
(Diplocraterion yoyo, Pl. 19) fit the paradigm of simple 
domiciles. Yet Diplocraterion is also found in silts and 
muds deposited in quiet waters. One ichnospecies 
(Diplocraterion cincinnatiensis) occurs in finely lami- 
nated silt beds and its tunnel resembles the outline of an 
elephant’s foot rather than a U. As these burrows usually 
end at the base of the silt bed, it seemed reasonable to 
assume that the encounter with the underlying mud was 
responsible for the deformation. Occasional specimens, 
however, end in the same fashion at a higher level. This 
supports a chemosymbiotic function: the two lower cor- 
ners were the pumping stations for H,S water from the 
mud and their interference was reduced by distancing 
them beyond the regular width of the spreite. This view 
is corroborated by the fact that the only associated trace 
fossil is Chondrites (PL 48), another suspect for chemo- 
symbiosis. Additional information comes from a differ- 
ent kind of preservation: on the soles of tempestites, 
Diplocraterion may be expressed by casts in the shape of 
a dumb bell (Bifungites). They formed when a previous 
silt layer became stripped away to its mud base and 
reburied during the same event. In the Ordovician, how- 
ever, the swollen ends are trifoliate, rather than simple 
globes resulting from erosion of a marginal tunnel. In 
conclusion, there were probably three probes radiating 
from each corner of Bifungites biclavatum. 

In Cretaceous shallowmarine sandstones (Wyoming; 
Germany) one commonly observes small spreite burrows 
that could well have been made by Corophium (Pl. 19). 
However there is an additional “escape hatch” rising ob- 
liquely from the base of the U-tube. More likely it was 
made by a suspension feeder for distancing the two open- 
ings in the final state, i.e. to place the sewage outlet fur- 
ther away from the eating table. This also tells us that the 
animal had a three-stage burrowing program: (1) head- 
on piercing used to make the initial U-tube; (2) vertical 
spreite construction to accommodate growth; (3) head- 
on construction of the terminal ventilation shaft. 


Modifications in Firmgrounds. Firmgrounds result from ero- 
sion of muddy sediment to a level, at which it had already 
become sufficiently stiffened by compaction; i.e. they trace 
a stratigraphic gap (diastem) on the order of hundred 
years (Pl. 73). Burrowing in stiff mud poses, first, a 
fabricational problem: the animal has to work hard and 
be equipped with strong claws or setae (trilobite limbs 
would not do). Accordingly, firmground burrows func- 
tioned as mere domiciles, because their construction is 
overly expensive relative to the nutrient content of the 
substrate. Second, a stiff substrate provides better pro- 
tection than soft sediment against predators and erosion, 
so that burrows need not be as deep and not perfectly 
vertical. Firmground burrows also have preservational > 
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advantages. As they do not readily collapse, the open tun- 
nels become passively filled with looser sediment that 
becomes preferentially cemented during early diagenesis. 

Our first example is a horizontal Rhizocorallium 
jenense from a low-grade firmground in the Middle 
Triassic limestone of Germany. Along the crest of its 
marginal tunnel commonly runs a fill channel, as in 
ophiomorphids from a similar facies (Pl. 18). So we may 
conclude that - at least in softer mud - the openings of a 
Rhizocorallium burrow were also constricted and that the 
inhabitant did not normally emerge at the surface. 

The other figured specimens from the Carboniferous 
of Kentucky and the Miocene of Maryland differ from 
softground Rhizocorallium in various respects. (1) Their 
outline resembles a rabbit ear rather than a U with par- 
allel limbs. This is to be expected in domichnial rhizo- 
coralliids: if flexure of the body was the signal for bur- 
rowing, the spreite became automatically wider as the 
animal grew larger. (2) As concretionary cementation of 
the fill sediment stopped at the interface with the dense 
host mud, the surface of the casts preserves scratches in 
considerable detail. Their pattern suggests a crustacean 
maker. (3) Despite of being dwelling burrows like 
Diplocraterion, they are inclined like the feeding burrow 
Rhizocorallium. Inclination, however, facilitates not only 
the exploitation of nutrient-rich horizons, but also climb- 
ing up and down the tube. As the inhabitant allowed it- 
self such comfort, its burrow became similar to Rhizo- 
corallium in spite of not being a feeding burrow. For this 


m Fecal pellets of Rhizocorallium (U. Muschelkalk, Germany) 


reason, one should maintain the old name Glossifungites 
for firmground versions of rhizocoralliid burrows, 
whether vertical or inclined. This applies also to the 
specimens from the Lower Cretaceous and the lowermost 
Jurassic of Germany. Both were produced by marine 
crustaceans penetrating into muds deposited in a differ- 
ent regime. The former one regularly produced three 
Diplocraterion-like spreite bodies linking three vertical 
shafts (“tripods”). The simpler burrow from the bound- 
ary between a Triassic red-bed and a Jurassic limestone 
bed is much smaller (only a few millimeters wide) and 
could well have been made by Corophium. Still it pre- 
serves the typical scratch pattern observed in modern 
examples (Pl. 19). 

The lower row shows specimens collected at a locality 
(Susquehanna River, Maryland, USA), where Eocene 
shales are disconformably overlain by bioclastic sands 
of Miocene age. But while the Eocene bioturbation of 
the shale is hardly recognizable, the burrows dug into 
the same bed during the Miocene transgression can be 
easily collected, because they weather out as ear-shaped 
casts. Firmground conditions are also expressed by as- 
sociated burrows of pholadid bivalves and of ghost 
shrimps, which are other characteristic members of the 
Glossifungites Ichnofacies (Pl. 71). Belonging to a deeper 
tier, the Spongeliomorpha tunnels were probably made 
after Glossifungites, so the ghost shrimps could reduce 
their burrowing effort by partly using the shafts of their 
rhizocoralliid predecessors. 


Resting Traces 


Plate 21 
Burrowing Techniques 


Plate 22 
Undertrace Experiments 


Plate 23 
Bilateral Resting Traces 


Plate 24 
Asterozoan Resting Traces 


Plate 25 
Coelenterate 
Resting Burrows 


he term “resting traces” (cubichnia) is in a way a misnomer, because it relates 

to the purpose of these burrows, rather than to the activities by which they are 
made. Their shared character is a kind of behavior that one can best observe 
when swimming over a sandy sea bottom. As one scrapes the surface with spread 
fingers, shrimp and fish emerge from it, swim a few meters and disappear again 
in the sand. All this happens with incredible speed in order to escape potential 
predators. Camouflage color patterns provide additional protection in an envi- 
ronment that has no natural hiding places. Traces produced in this connection 
are shallow and therefore have a relatively low fossilization potential. On the other 
hand, corresponding undertraces provide more clues to the body shape and bur- 
rowing technique of the tracemaker than diggings intentionally made for other 
purposes. Accordingly, cubichnia (Pl. 31) are primarily an ethologic category, in 
which authorship is distinguished at the level of ichnogenera and ichnospecies. 
Tracemakers come from different phyla (coelenterates, mollusks, echinoderms, 
arthropods); significantly, the only distinctive resting trace of a worm (Aphrodite, 
Pl. 23) is produced by setate parapodia rather than by peristalsis. 

As functions may intergrade, this group has no clear-cut boundaries. Ruso- 
phyciform trilobite burrows (Pl. 11), for instance, were resting traces in the sense 
that they temporarily hid the maker, but they served probably more for sediment 
processing. On the other hand, a sea anemone or sea pen (Pl. 25) may use the 
same burrow for most of its lifespan without attempting to turn it into a more 
sophisticated and durable domicile. Before dealing with particular cases, we shall 
discuss the burrowing techniques used in different phyla. 
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Plate 21 
Burrowing Techniques 


Crustacean-type Burrowing. The mole crab Emerita lives in 
beach sands, where it filters the backwash with its feath- 
ery antennae. It has to change locations several times dur- 
ing each tide and must get reburied at the next location 
with the right orientation, before the wave is gone and 
before being located by a hungry seabird. In contrast to 
shrimps, mole crabs burrow tail-first by means of the 
pereiopods, which scrape the still fluidized sand from 
underneath and behind the body. In this action, the cara- 
pace plays an important role. It is not only perfectly 
streamlined, but also bears ratcheted burrowing ribs that 
counteract backslippage. Thus the carapace provides the 
necessary purchase when pressed against the sand, while 
easily slipping into the substrate as the pressure is released. 
In the natural environment of Emerita, undertraces are 
unlikely to be preserved because there are no sand/mud 
interfacies. Yet the ones produced in an experimental tank 
reflect the digging directions of the legs. 

The fish Trachinus (PL 22) gets quickly dug-in by un- 
dulation of a long ventral fin supported by flattened rays. 
It would be interesting to test whether its scales are ratcheted 
or the weight of the body provides sufficient purchase. 

To compare an ophiurid with a fish and a crustacean 
appears to be even more silly: stiff fin rays versus hydrau- 
lically operated tube feet? Yet, both fulfill the same func- 
tion of shoveling sediment from underneath the body, and 
leave transverse grooves in the undertrace. We shall learn 
more about starfish burrowing in Pl. 24. 


Clam-type Burrowing. The locomotory apparatus of most 
bivalves is best characterized by the old name“Pelecypoda”, 
referring to the hatchet-shaped foot. This structure is op- 
erated by ring muscles, like the tube feet of echinoderms, 
but it can be used as a push-and-pull instrument by be- 
ing narrowed for penetration and then hydraulically ex- 
panded to allow protraction anchor. This, however, is only 
one part of the burrowing process; the other actor is the 
two-valved shell. As the foot penetrates into the sediment, 
the adductor muscles relax, so that the elastically com- 
pressed ligament opens the valves into a penetration an- 
chor. As in Emerita, the wedging function of the shell may 
be enhanced by burrowing sculpture, which is ratcheted 
to reduce backslippage. At the moment the foot expands 
into a protraction anchor, the adductor muscles close the 
valves. This reduces the friction of the shell - not only by 
reducing the cross-sectional area, but also by the water 
ejected from the mantle cavity: as the jet passes upward 
along the shell (in the drawing symbolized by bubbles), 
the surrounding sand becomes fluidized and thus lubri- 
cates the shell during protraction. The ichnological re- 
sult is an almond-shaped undertrace (Lockeia), which 
reflects the shape of the foot in the protractional phase. 


While this model applies to most burrowing clams, the 
foot of protobranch bivalves (e.g., Acila, Pl. 32) is modi- 
fied in such a way that it can act like a toggle-bolt: its dis- 
tal end is split into two flaps that close during penetra- 
tion and open during protraction. In the corresponding 
undertrace (Imbrichnus) the flapping of this split foot is 
expressed by chevron ridges (Protovirgularia) leading to 
a resting trace (Lockeia) at the end of the burrow. 

A split foot is also found in scaphopods, but in these 
molluscs the chevrons in the undertrack are arranged in 
strings (Protovirgularia), rather than being combined 
with a stationary resting burrow. 


Worm-type Burrowing. This kind of burrowing resembles 
that of clams, but in the absence of a shell, the penetra- 
tion anchor as well as the protraction anchor must be 
hydraulically operated. 

In burrowing actinians, the bottom end of the gastro- 
vascular sac becomes slimmed for penetration by con- 
traction of the circular muscles, whose relaxation pro- 
duces a penetration anchor in the proximal part. For pro- 
traction, the tip swells and the body contracts. During 
the whole process, the mouth must be closed for main- 
taining the water pressure inside. The fossil undertraces 
referred to actinians (Bergaueria) typically have a cen- 
tral depression at the base. This is because the swelling 
end (physis) acts not only as a wedge; it also scrapes sedi- 
ment radially away from under the body. As we shall see 
in Pl. 25, pennatulid sea pens burrow similarly using the 
base of the colony, which makes it difficult to distinguish 
burrows of the two coelenterate groups. 

Some worms, such as Arenicola, act in a similar way 
by everting the proboscis during penetration. A long hy- 
draulic body with a muscular wall also dispenses with the 
strict temporal alternation between pushing and pulling 
phase. In peristalsis, the inflated penetration anchor passes 
along the body from the front to the rear end (i.e. opposite 
to the metachronal wave of the trilobites), pushing the 
animal ahead in a more or less continuous action, while 
setae may take over the anchoring function of the clam’s 
ratcheted ribs (an earthworm creeping between your fin- 
gers gives you a feeling for this process). Tunnels made 
by peristalsis (e.g., Skolithos) may bear annular tracings. 

Some gastropods (Natica or the related Polinices, 
Pl. 27) also fall in this category. Their shell is not used 
directly as a penetration anchor, because it cannot change 
shape and the hydrostatic foot folds around it as the ani- 
mal burrows. Nevertheless it assists by being weighted 
into a ballast skeleton. 

Other, less well understood burrowing techniques are 
not included in this plate. For instance, there may be scales 
on the dorsal and ventral sides of the animal that act in 
conjunction like a pair of ratcheted cross-country skis. Or 
the body may be covered by a multitude of cilia, or spines, 
whose waves push the animal through the sediment (Pl. 26). 


Plate 21 - Burrowing Techniques 
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Plate 22 
Undertrace Experiments 


The lifestyle described in the introduction has con- 
vergently evolved in various groups of nektobenthic 
animals that live on, or above, sandy bottoms (epipsam- 
mon). They all get quickly buried by removing the sand 
from under the body with appendages that are other- 
wise used for swimming or walking. (This is in contrast 
to the behavior of trilobites (Pl. 11). They needed more 
time to get dug-in, because instead of pushing the sedi- 
ment away, they collected it under the body for food 
processing.) Once the body is hidden, the animal actively 
smoothens the surface around for perfect concealment. 
After the animal has left, the impression on top of the 
sand reflects its leaving rather than the burrowing ac- 
tivity. The latter is better recorded in the exceptional 
case that the sand was only a veneer on top of a mud 
layer. Undertraces produced on the interface can be 
studied in an undertrace experiment, in which the bot- 
tom of a shallow tank is covered first by a layer of sticky 
mud, then by sand of appropriate thickness and even- 
tually flooded. After the animal has completed its bur- 
row and left it again, the sand can be gently washed off 
with a turkey baster. The uncovered undertrace can then 
be cast with plaster of Paris to obtain a positive hypo- 
relief, as it would appear after the sand had been dia- 
genetically lithified. 

Such undertraces do not only show much more detail 
than the impressions left on the sand surface; they also 
are more likely to be preserved. The modern examples 
shown on this plate have - so far - no fossil counter- 
parts, probably because they are too shallow to be com- 
monly preserved. Yet (1) they reflect, to some extent, the 
shape of the maker and (2) they provide a detailed record 
of the burrowing process. 

Crangon vulgaris is a shrimp living on sandy bottoms. 
In contrast to relatives from coral reefs it lacks vivid col- 
ors. Instead it is speckled in gray tones to blend with the 
background sand. For hiding within seconds, the animal 
significantly uses not the walking-legs, but the feathery 
swimmer appendages below the tail, to wipe the sand from 
under the body. Surprisingly they do this not by their 
usual backward beat. Rather the transverse furrows in the 
undertrace show that, for digging, the rear legs swing at a 
right angle to the body axis. Nor do they produce a bi- 
lobed furrow, as one would expect. After the body is bur- 
ied, the long antennae smoothen the dug-out sand, so that 
only the small stalked eyes (looking like sand grains) can 
be seen at the surface by an attentive observer. 

The fish Trachinus (Pl. 21) is an ambush predator, as 
shown by the dorsal displacement of the eyes and the mouth. 


Digging is done by an unpaired ventral fin that extends along 
most of the body. As this fin undulates, the broadened tips 
of the fin rays shovel the sediment to both sides (Pl. 21). 
Their transverse scratches are seen in the undertrace. 

Although undertraces have not yet been experimen- 
tally produced, two other animals sharing this life style 
should be mentioned. 

Flatfish are designed for lying on one side of the body. 
Accordingly, the eyes and the mouth have moved to the 
other side. This side also has a camouflage color pattern 
that can mimic different substrates by contractible 
chromatophores. In addition, the undulation of the mar- 
ginal fins stirs up the sand to conceal the outline of the 
fish. Due to their shallowness, flatfish undertraces would 
have a very low fossilization potential. 

The cuttlefish (Sepia) follows very much the same 
strategy, but in cephalopod style. Again, it can actively 
adapt the color pattern to the substrate and hide the out- 
line of the body by undulation of the lateral fins to be- 
come virtually invisible. 


m Experimental undertrace of Aphrodite (motion downward) 


Undertrace Experiments 


Trachinus 


Crangon 
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Plate 23 
Bilateral Resting Traces 


In this plate, we shall discuss mainly fossil examples. 
Their makers often remain uncertain, while general sym- 
metries suggest bilateral tracemakers. 

As we have seen (Pl. 11), trilobite resting traces hid 
the animal to some extent, but they served mainly for 
processing food from the sediment. Accordingly they 
were dug deeper than necessary for mere hiding, which 
increased their preservation potential compared to other 
resting traces. One form from the Upper Cambrian Alum 
Shales of Sweden (Cruziana sp.) differs from this gen- 
eral model in two respects. First, it shows only a few shal- 
low scratches made by legs of the front region plus two 
furca impressions. Second, it occurs in a low-oxygen en- 
vironment that would have made most trilobites un- 
happy. It was this facies context, together with morpho- 
logical criteria, that led Richard Fortey to propose a 
chemosymbiotic life style for olenid trilobites from the 
same rocks. Because the sizes of trace and trilobite fit, 
one may assume that these animals merely scratched the 
bacterial mat to tap H,S porewater from below for its 
symbionts. 

The convergent burrowing and feeding behavior of 
phyllopod crustaceans has caused considerable confusion 
among ichnotaxonomists. Except for their smaller size 
(hence the name “coffeebean tracks"), phyllopod burrows 
are virtually indistinguishable from those made by tri- 
lobites. They also come in short (rusophyciform) as well 
as long (cruzianaeform) versions. Still the name Isopo- 
dichnus is here retained, because the habitat (ephemeral 
lakes in red-bed facies) and the much longer time range 
(Cambrian to Recent) makes it easy to resolve this homeo- 
morphy. 

Not figured here are resting traces of notostracan 
phyllopods (Triops). Because these animals have a broad 
head shield, the two lobes of the trace tend to merge in 
front into a horseshoe. This makes them again difficult 
to distinguish from the traces of small limulids (the lat- 
ter with an impression of the single telson), unless one 
allows for inferences from size, facies and geologic age. 

More problematic is the interpretation of somewhat 
larger coffeebean tracks from the Oldred Sandstone (De- 
vonian) of Spitsbergen. As shallow undertracks they may 
look like Isopodichnus, but in deeper ones the serial im- 
pressions of pleural spines (compare Pl. 11) speak for a 
trilobite rather than a phyllopod tracemaker. So it re- 
mains an open question, whether one deals with (a) a 
marine horizon within a red-bed sequence, (b) a non- 
marine trilobite, or (c) another crustacean (e.g., an 
isopod) that adopted a trilobite life style. 


Non-marine Devonian sandstones have also yielded 
anumber of other crustacean resting traces. Svalbardich- 
nus (known from Spitsbergen and claimed Ordovician 
of Antarctica) and Chagrinichnites osgoodi have been re- 
ferred to phyllocarids, Chagrinichnites brooksi to an 
eocarid. In continental sandstones of later times, insect 
larvae also produced distinctive resting traces (e.g., Tonga- 
noxichnus). 

Another Cambrian resting burrow, Raaschichnus, has 
been referred to aglaspids. These were marine trilobite- 
like creatures, but having a telson they are more closely 
related to eurypterids and horseshoe crabs. 

Resting traces (Pterichnus isopodicus, not figured) 
of a marine isopod (Archaeoniscus) from the Upper Ju- 
rassic of southwest France provide a rare example from 
the later times. Significantly they come from a Soln- 
hofen-type lagerstaette (Pl. 75), where the presence of 
biomats allowed the exceptional preservation of body 
fossils as well as trackways, including the ones of the same 
isopod. 

Cretaceous Pseudobilobites, named after its similar- 
ity to trilobite-made “bilobites” (Pl. 11), is the deep rest- 
ing trace of an unknown crustacean. Note that the me- 
dian furrow is less pronounced than in trilobite burrows 
and that the scratches are probably made by a latero- 
posterior beat of the pereiopods. 

Experimental undertraces of modern Aphrodite show 
that “bilobites” need not necessarily be made by arthro- 
pods. This marine annelid is also called “sea mouse” be- 
cause of its size, outline and hairy appearance. The lat- 
ter is due to iridescent parapodial setae that dig by latero- 
posterior motions. 

Another bilobed resting burrow from the marine Mi- 
ocene Molasse of Switzerland (“Isopodichnus” tugiensis) 
cannot be referred to arthropods either. Having a single 
median faecal string, it could be compared to burrows of 
spatangoids (Bichordites; Pl. 26), but because these 
echinoids are sediment feeders, stationary burrowing 
would make little sense. Rather, the trace could result 
from the escape of such an animal. Using the same tech- 
nique as in horizontal bulldozing (Pl. 26), it produced a 
sandy backfill phantom of its body, but without an ac- 
companying mud phantom. Shown in the figures is the 
alternative interpretation as a gastropod burrow. 

Lockeia (formerly Pelecypodichnus) has already been 
discussed on Pl. 21. The undertrace shown here was ex- 
perimentally made by a large Tivela from the Indian 
Ocean. It is hardly different, however, from the ones left 
by freshwater clams in the Upper Cretaceous of Alberta 
dinosaur park. There, escape structures in the sediment 
above record the reaction to a flood event and the shells 
of the tracemakers are preserved on top of the bed. 
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Plate 24 
Asterozoan Resting Traces 


Undertrace Experiments. Just like shrimp and flounders, 
many starfishes and brittlestars hide in the sand - ex- 
cept that they get buried more slowly. In fact, the animal 
looks motionless while burrowing; only a ridge of sand 
piling up around the contour tells us that the tube feet 
are active underneath. When the body is buried deeply 
enough, the rays begin to move in such a way that the 
sand ridges spill smoothly over the buried animal, with 
only the arm tips and their sensory organs reaching to 
the surface. After the animal has left, an indistinct star- 
shaped depression can be seen at the sand surface. In 
contrast, the corresponding undertrace is much more 
structured. Because this is the form in which fossil star- 
fish traces are most commonly found, it should not sur- 
prise us that they were for a long time (as in their first 
description in 1755) considered to be body fossils, i.e. 
direct impressions of carcasses. 

In the ichnological perspective, the observed morpho- 
logical characters of Asteriacites reflect mainly the ac- 
tivity of the tube feet, while the taxonomic affiliation of 
the maker remains less certain. Yet a general distinction 
can be made between asteroid and ophiuroid burrows. 

In asteroids (e.g., Astropecten, whose tube feet lack 
suckers), the arms are usually too broad for a single foot 
to shovel sediment to both sides. Consequently the scratches 
of Asteriacites quinquefolius are parted. 

Ophiuroids crawl by flexing their arms rather than 
tiptoeing on the tube feet. Therefore the arms are nar- 
row enough for the tube feet to swing to both sides. In 
burrowing, however, the arms are held stiff. Accordingly 
ophiuroid undertraces (Asteriacites lumbricalis) have 
straight arms and annulations that could be mistaken 
for skeletal vertebrae. Only under the central disk is the 
shoveling one-sided and done by disproportionately large 
tube feet. 

In all asterozoan burrows, a narrow groove accentu- 
ates the outline of hypichnial casts, thus testifying that 
shoveling was indeed towards the margin - in contrast 
to trilobite burrows. 


Modifications in Fossil Forms. The box in the middle shows 
features of Jurassic ophiuroid burrows that have misled 
earlier workers who considered them as body impressions. 


1. Star-shaped impressions on the rippled tops of storm 
sands reflect ophiurans that had gotten buried dur- 


ing a storm. They escaped as sand deposition came 
to an end and the suspended mud started to settle. So 
they are epichnial undertraces, whose broad outlines 
and straight arms resemble asteroids rather than 
brittlestars. 

2. In contrast, broadened arms of hyporeliefs result from 
the wiggling action by which the animal smoothened 
the surface. 

3. Split impressions tell us that the buried animal repo- 
sitioned its arm tips - rather than representing a sus- 
pension-feeding basket star (Euryale), whose arms 
branch to enlarge the filter fan. 

4. The radial elements in the center of this undertrace 
are the scratches of larger proximal tube feet rather 
than impressions of radially arranged skeletal plates 
on top of the central disk. 


Vertical Repetition. Ophiuroids hiding “between meals” 
will often make another resting burrow close to the pre- 
vious one. In addition to this horizontal repetition there 
is also vertical repetition: in fissile sandstones deposited 
in the upper flow regime (i.e. without ripple formation) 
one often observes that the same star-shaped impressions 
are repeated on several bedding planes. One may first 
think that they are pressed-through like the Connecticut 
dinosaur tracks (Pl. 3), but this is mechanically infeasible. 
In the figured specimen from the Werfen Beds (Lower 
Triassic) of northern Italy, corresponding impressions 
also fail to coincide in shapes and positions (lower dia- 
gram). So these represent an escape reaction in response 
to the deposition of new sand layers so that burial and 
escape must have happened in a matter of hours. 


Deep Burrowing. In the previous examples we dealt with 
species that get buried only for concealment and leave 
their hiding places to search for food - particularly at 
night. Today, some ophiuran species (but ones that live 
in mud rather than sand) are suspension feeders. Accord- 
ingly, their arms must be long enough to extend well 
above the sediment surface. In this way they act as pas- 
sive filtration fans, in which particles are caught by the 
sticky tube feet. The burrows of such species must be 
deeper than mere hiding places in order to allow with- 
drawal of the arms upon disturbance. The maker of 
Asteriacites gugelhupf (the name referring to a similarly 
shaped German birthday cake) from the Carboniferous 
of Egypt was also a suspension feeder, while the bilobed 
scratch pattern of the upturned arms suggests an aster- 
oid rather than a brittlestar. 
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V - Resting Traces 


Plate 25 
Coelenterate Resting Burrows 


On .1ط‎ 22 we have already discussed how soft bottom acti- 
nians burrow. The resulting undertraces (Bergaueria) are 
rather distinctive, but one must be careful not to confuse 
them with pot casts. These are non-biological and self- 
enhancing sedimentary structures formed by vortices, 
in which suspended sand is whirled as in a centrifuge. 
Consequently pot casts have a similar cylindrical shape 
with a central dimple, but get larger and tend to widen 
towards the base. As shown by undertrace experiments, 
smooth Bergaueria can also be made by sea pens (e.g., 
Ptilosarcus). However, such an origin is unlikely in forms 
that show some kind of radial structures (Bergaueria 
radiata, Astropolichnus, Conostichus, Solicyclus); they 
probably correspond to the fleshy septa within the acti- 
nian gastrocoel. The stacked vertical repetition of such 
structures in the latter three ichnogenera probably re- 
flects the adjustment to sediment accumulation during 
a longer timespan, during which the tracemaker grew 
larger. 

Bergaueria sucta deviates from related ichnospecies 
by being shallow and having a broad concave base. In 
this case, undertrace formation was probably not simply 


a preservational accident. Rather the animal appears to 
have been attached to the buried mud surface like a 
sucker disk. Multiple impressions due to active disloca- 
tion (horizontal repetition) also defy a non-biological 
origin. This detail is important for the specimen from 
the late Precambrian of Canada, which may represent the 
earliest record of burrowing actinians. 

While all other examples appear as casts on the soles 
of storm sands, Kulindrichnus is found three-dimension- 
ally in dark Jurassic shales. Loose specimens are com- 
monly mistaken for coprolites, because they are similarly 
phosphatized; in situ, however, they always stand verti- 
cal. Phosphatization of the cortex around a coarser infill 
was probably induced by bacterial decay of the polyp wall. 
In an other case, the burrow is preserved within a cal- 
careous concretion that formed before the mud became 
compacted. 

Solicyclus and Kulindrichnus are rare exceptions to the 
rule that actinian (or pennatulid) burrows are largely 
restricted to Paleozoic tempestites. This is surprising, 
because the burrowing habit persists in many species to 
the present day. In view of increasing predator pressure, 
one would also expect an opposite trend. Thus a tapho- 
nomic bias appears to be involved, even though biomats 
are not the answer. 


m Bergaueria phallica (M. Cambr., Grand Canyon) 


5cm 
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Plate 25 - Coelenterate Resting Burrows 
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m 
Asteriacites quinquefolius under- 
traces (M. Jurassic, Germany) 


hyporelief 


Burrows of Short Bulldozers 


Plate 26 
Echinoid Burrows 


Plate 27 
Molluscan Bulldozers 


Plate 28 
Paleozoic Psammichnitids 


Plate 29 
Psammichnitid 
Behavioral Evolution 


Plate 30 
Bi- and Tripartite 
Backfill Bodies 


r common language, “bulldozing” stands for a kind of activity,in which a vehicle 
not just rolls over the ground, but forcefully removes quantities of soil in front of 
it. For the “infaunal bulldozers” discussed in this chapter there is no technological 
counterpart. Giant drilling machines used in the construction of modern tunnels 
come closest; yet the comparison fails, because no soft-sediment burrower drills. 
In tunnel construction, the excavated material is also removed, while animal bull- 
dozers backfill their own tunnel with the material dug out in front of the body. 

One might also argue about the distinction of “short” versus “long” bulldozers 
among the putative tracemakers, because both produce long, worm-shaped back- 
fill burrows. It is only through “phantoms” that the shorter ones (to about four 
times the width) can be distinguished. In addition, their burrows tend to be wider 
than high (even in non-compacted sand), in contrast to the long cylindrical “worm” 
burrows discussed in the next chapter. 

Another problem is the function of such burrows. For mere protection, the 
animal would not have to move horizontally and for getting somewhere, locomo- 
tion at the surface or simple wedging through the sediment would require much 
less energy. 

In the modern world, three examples come to mind. One are the larvae of 
moths (Pl. 51). They mine the soft areas (spreite) of plant leaves and fill the tun- 
nel behind with their faeces. The grubs of bark beetles do the same in the sap 
layer (cambium) between the bark and the wood of trees (Pls. 49 and 51). Both 
show the tendency to either meander or effectively cover a given surface by close 
guidance (without intersecting) between the tunnels of siblings. 

The third example are modern heart urchins (Spatangoidea). While bulldoz- 
ing at a safe depth, they can be observed grazing the sediment surface with some 
overly long specialised tube feet. This would account for the meandering in fossil 
echinoid burrows (Pl. 26), if there were not an energy problem. Some tellinid 
bivalves (e.g., Macoma) also graze the surface with a long inhaling siphon, while 
the body moves along at depth. But their shells are well streamlined. In most 
heart urchins, however, the test is not at all streamlined, in contrast to the related 
sand dollars. To the contrary, heart urchins are fairly globular and the blunter 
end is in front rather than the rear! This can only mean that spatangoids essen- 
tially bulldoze for food particles. They can be selected by thousands of minute 
tube feet and spatulate spines, as the sediment loosened in front passes the body, 
with a mucus sheet acting as a conveyor belt. The loss of the jaw apparatus also 
attests to a microphagous diet on particles gained mainly by bulldozing, but with 
a more protein-rich dessert collected at the sediment surface. 

Other examples for this kind of infaunal locomotion are, so far, known only 
from the fossil record. They are tentatively ascribed to a class of soft-bodied 
molluscs that disappeared in the end-Permian mass extinction (Pls. 27-30), or to 
flatworms that may still exist (Pl. 30). 
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In connection with the Tambach vertebrate tracks, 
we have already come across a short bulldozer when 
interpreting Tambia as the pupa chamber of a large 
beetle (Pl. 3). In this case the grub dug not only for food. 
It possibly added a repellent to the backfill in order to 
secure its future dormitory. This emphasizes that vari- 
ous kinds of function may be combined in this kind of 
burrowing. 
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Plate 26 
Echinoid Burrows 


In general, sea urchins are epibenthic animals. They move 
over rocks by means of suckered tube feet, scraping off 
the algal film with the five teeth mounted in the “Aristoteles 
lantern”. On calcareous shells they may also carve deeper 
to consume endolithic algae. The star-shaped traces of 
this activity are commonly preserved on belemnite rostra. 
On rock surfaces, constant grazing may also result in a 
pit, into which the urchin nestles for protection. One regu- 
lar echinoid goes one step further. Instead of a circular 
pit it produces long trenches, in which it can move along 
with continuous protection. Oviously these trenches are 
used to farm algae. The elliptic outline of the animal’s 
test facilitates this style, in which motion is possible only 
in the direction of the longer axis, as in heart urchins. 

Some groups left the rocky habitats for soft bottoms, 
on which suckered tube feet are useless; so irregular 
echinoids turned spines into stilts and digging organs, 
while the tube feet serve for respiration and manipula- 
tion of food particles The only deep burrowers among 
echinoids are the heart urchins (Spatangoidea). Their rich 
trace-fossil record illustrates the burrowing mechanism, 
but also the evolution of complex search programs. 


Backfill Structure. The lamellae of the Scolicia backfill con- 
tour the rear side of the echinoid. In addition, there is a 
basal string of faecal material that has been injected by a 
tuft of long spines around the anus. In deepsea forms, two 
such funnels produced a pair of faecal strings. Vertical 
sections also reveal a geopetal grading within the backfill 
lamellae: coarser grains are at the base and the finer and 
darker fractions on top. As grains are mucus-bound when 
they reach the backfill, this phenomenon can hardly be 
referred to settling from suspension, but probably reflects 
active sorting of the sediment while it is passed along the 
body. As a result of the geopetal asymmetry Scolicia looks 
very different depending on the toponomic context. On top 
of sand layers (epichnial) the coarse bottom parts of the 
lamellae form a gill-like pattern (Palaeobullia preserva- 
tion). In contrast, the hypichnial version of the same bur- 
row (Subphyllochorda preservation) has a broad elliptical 
profile and shows the two faecal strings as a prominent 
feature. Its sculpture depends on the degree of weathering. 
If the cortical sand layer is still present, delicate spine 
scratches form a V that opens backwards in top view, while 
the chevrons of the underlying backfill lamellae open in 
the direction of motion. The endichnial version shows only 
the lamellar structure and along the crest a discontinu- 
ous ridge tracing the displacement of the inhalant canal. 

As the maker of Scolicia is already identified, we no 
longer need indirect clues. Nevertheless it is reassuring 
that the figured backfill phantom (see Pls. 28 and 30) fits 
an irregular echinoid. 


Behavioral Evolution. Now being familiar with the burrow- 
ing techniques of spatangoids and the resulting sedimen- 
tary structures, we can proceed to their evolutionary his- 
tory as reflected in the trace fossil record. Scolicia first 
appears in Upper Jurassic shelf sandstones of northern 
France - at about the same time as spatangoid tests occur 
in calcareous facies. In Palaeobullia preservation (here 
called Bolonia; Bichordites is a junior synonym) these 
burrows show a single faecal string, but no particular be- 
havioral program. In deepsea turbidite series (flysch fa- 
cies), echinoid burrows did not appear before the Late 
Cretaceous. From then on, however, they have been a 
dominant element in the post-turbidite association 
(Pl. 72). They also meander, but as yet not very systemati- 
cally (c). 

Another strategy to systematically exploit a given area, 
spiraling, is represented by Scolicia zumayensis. Its spi- 
rals reach the size of a dinner plate, but they violate the 
paradigm of optimal foraging by being too tightly coiled. 
As seen in cross section, turns in fact systematically in- 
tersect, so that only one third of the processed sediment 
has not already been reworked by the same individual 
during previous turns. This makes only sense if the back- 
fill became microbially fermented and could be harvested 
when the animal came back on its next turn. So the be- 
havior may represent a kind of bacterial farming. 

Scoliciid meandering became more efficient only when 
echinoids entered the exclusive club of the preturbidite 
community (Pl. 72). Having been made in the homogeneous 
hemipelagic mud that settled during the long intervals be- 
tween turbidity events, such burrows (Taphrhelminthopsis 
preservation) can only be preserved by the exhuming and 
casting effect of the next turbidity current (Pl. 52). In spite 
of having lost their lamellar backfill, they can still be iden- 
tified by their size and their two-lobed profile. 

Eocene representatives preserved in this preservational 
mode follow a rigid program. They start with a spiral and 
then continue in tightly guided (but not intersecting!) 
meanders of increasingly long turns. What made the ani- 
mal finish after a few turns, rather than plowing-on in the 
same style, remains a riddle. A Taphrhelminthopsis maker 
from an Oligocene flysch near Gibraltar had “learned” to 
meander without a starter spiral. After having completed 
some tightly guided turns, it could freely proceed with- 
out such guidance. This stretch then served as a base for 
a new meander system. 

This evolutionary history, which could not have been 
derived from body fossils, complements our picture of 
spatangoid evolution through geologic time. At the same 
time it exemplifies a pathway that can also be observed in 
other groups of trace fossils: onshore to offshore shift not 
only as a retreat from predator pressure, but as the con- 
quest of deepsea bottoms, whose time-stability allowed 
evolution to proceed to unprecedented levels of special- 
ization. 
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Plate 27 
Molluscan Bulldozers 


In Pl. 21 we have already discussed the push-and-pull tech- 
nique of burrowing in bivalves and scaphopods. Another 
kind of molluscan burrowing is derived from the kind of loco- 
motion that can be observed in a chiton or gastropod crawl- 
ing up the glass wall of an aquarium: as metachronal waves 
of muscular contraction pass over the sole, the body moves 
slowly along by local detachment and advance in every wave. 
But how could this method work on loose sediment? 

In fact, many gastropods living on softgrounds have turned 
to using the front part of the muscular sole (propodium) as 
an antagonist to the rest of the body. Strombus even uses its 
spiked operculum as a pogo stick for rapid movement. A 
hydraulically operated push-and-pull action has also been 
observed in the burrowing of the moon snail Natica (Pl. 21), 
which burrows in the sand in search of its molluscan prey. 

Undertrace experiments with the closely related, but 
larger, genus Polinices suggest that this is only half of the 
animal’s locomotory abilities. On the regular underlayer of 
mud, undertraces were not distinctive. Only when an old 
and firmer mud was covered by a veneer of softer mud for 
a new experiment, did a most surprising undertrace result 
on the interface between the two mud layers: its surface re- 
sembles corrugated paper with very high and perfectly par- 
allel grooves and ridges. As the scale of these corrugations 
does not fit ciliary motion, it probably reflects muscular 
waves with a much higher amplitude than observed on a 
glass plate. This makes sense on a substrate, where adhe- 
sion must be replaced by increased friction. While the 
Polinices undertrace has, as yet, no direct fossil counterpart, 
it may be used as a clue to understand a number of prob- 
lematic trace fossils. 

The earliest fossil representative is Psammichnites gigas 
from Early Cambrian (mostly Tommotian) sandstones all 
over the world. One striking feature is its giant size (by the 
standards of pre-trilobite times); the other is its scribbling 
search behavior. A two-meter slab in the Department of 
Geology, University of Zaragoza (Spain) looks as if a cow- 
boy had dropped his lasso on the ancient bedding plane. 

Closer inspection of this slab revealed additional details. 
(1) The ridges are positive epireliefs rather than hypichnial 
casts of gravitational impressions. (2) They must be shadow 
traces pressed through from a lower level, because their lat- 
eral boundaries are not sharp, but confluent with the adja- 
cent bed surface. (3) This interpretation is supported by the 
overcrossings. They look like a rope passing over another - 
the reason being that the layer had been lifted twice at the 
crossings. (4) A broad median depression along the ridge 
crest suggests partial collapse of a cavity underneath. 
(5) While all previous structures have the soft outlines in- 
dicating a pressed-through overtrace, a conspicuous sinu- 
soidal line (snorkel trail) along the top of the ridge looks as 
if it had been cut by a knife. 


From these details it was possible, first, to determine the 
direction in which this trace was made. Because in pressed- 
through crossings, the later trace appears like the rope ly- 
ing on top, the loops can be oriented. Building on this in- 
formation, a consistent asymmetry of the sinusoidal groove 
can also be gauged: its steeper slopes always face forward. 
Through these directional criteria it can be shown that the 
animal entered the sediment near the upper corner of the 
slab to first make two clockwise loops, then two counter- 
clockwise ones and so on - in contrast to the consistent 
handedness of the trilobite pirouettes (Pl. 14). 

With regard to burrowing technique, the pressed- 
through overtrace suggests that the animal moved by wedg- 
ing through the sediment (an echinoid-type bulldozer would 
not have lifted the layer on top). As the overtrace did not 
totally collapse after the animal had passed, the burrow must 
nevertheless have become partly backfilled with sediment 
imported from the surface - probably by the snorkel that 
produced the sine-wave line. 

This model could be elaborated in a contemporaneous 
siltstone of central Australia, where fine lamination allows 
the same overtrace to be split at several levels. Here the 
amplitude of the sinusoidal line increases upward, i.e. away 
from the body. This conforms to a snorkel swinging side- 
ways like a pendulum. This snorkel, however, must have been 
able to cut its own way through the sediment, probably by 
cilia covering its outer surface. At the same time it is clear 
that it served not only for ventilation (for which a cheaper 
straight course would have been sufficient), but at the same 
time acted as a vacuum cleaner collecting detritus and sand 
grains coated by bacteria from the surface. 

In Australia it was also possible to prepare the actual bur- 
row fills. They are rather flat with sharp lateral edges and 
readily intercut without vertical deflection, as expected. Their 
bottom sides also show two incongruent sculpture patterns, 
(1) a coarser one consisting of broadly undulating chevrons 
- probably diverging in the direction of movement; (2) amuch 
more delicate pattern of transverse corrugations reminis- 
cent of the Polinices undertrace. In one variant (Plagiogmus 
preservation), the bottom shows regularly spaced cross 
ridges. They are possibly related to backfill lamellae, a coun- 
terpart to the Palaeobullia preservation in Scolicia (Pl. 26). 

There are two options with regard to the taxonomic af- 
filiation of the Psammichnites maker. The cross section of 
the burrow might suggest a flatworm, in which case the fine 
corrugation would be related to ciliary waves. On the other 
hand, no modern flatworm has a long tubular siphon, while 
such siphons have independently evolved in various mol- 
luscan lineages. My best guess at the moment is a mollusk 
related to the extinct halkieriids that could do without a 
dorsal armor by becoming infaunal. In either case the ani- 
mal would have been relatively short. Unfortunately the 
wedging mode of penetration did not create backfill phan- 
toms from which body shapes could be inferred, as was 
possible in the following examples from later deposits. 
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Plate 28 
Paleozoic Psammichnitids 


Psammichnites gigas marks the beginning of an ichno- 
logical tradition that lasted throughout the Paleozoic. 
Described as different ichnogenera, its successors were 
generally smaller. Nevertheless they show the typical 
bipartition into the broad trail of the bulldozing body 
and the foliate spreite made by the siphon on top of it. 
They also provide cues (“phantoms”) to the shapes of 
the otherwise unknown soft-bodied tracemakers. 


Psammichnites Phantoms. The burrows presented on this 
plate resemble the Lower Cambrian Psammichnites gigas 
by their backfill structure, an oval cross section, and a 
snorkel trace along the top; but neither do they produce 
an elevated overtrace, nor do the snorkel traces undu- 
late. This suggests that the tracemaker did not wedge 
through the sediment, but bulldozed in echinoid fashion 
by removing sediment in front, and passing it over the 
body for terminal backfilling. 

This mode of burrowing allows, as in Scolicia (Pl. 26), 
the formation of backfill phantoms: as the animal crosses 
the interface between mud and sand layers, the nature of 
the backfill changes accordingly. The result is a tongue- 
like sand body (sand phantom), whose length corre- 
sponds to the length of the tracemaker. In Psammichnites 
(formerly Olivellites) plummeri, for example, it indicates 
a slug-like animal about three times as long as wide. 
When crossing again from sand into mud on the other 
side of the ripple, the animal produced an equivalent mud 
phantom. It is less obvious, but expressed by a depres- 
sion in the bed surface due to compaction of the backfil- 
led mud underneath. 

The surface of the lower slab, from a Silurian storm 
sand in Argentina, looks as if an animal had been crawl- 
ing along the ripple troughs on an exposed sand flat. The 
trails, however, preserve details (including overhanging 
slopes) too fine to have been exposed to tidal flooding 
and sedimentation. More probably they are epichnial 
burrows made by an infaunal bulldozer that preferred 
the buried troughs for their higher food content, not for 
their relief. When it moved along a ripple slope (D), the 
lateral ridge of sand became higher on the upslope side. 
The animal also meandered at times to better utilize the 
broad valley floors (F). But even on a straight course (E) 
there are conspicuous wiggles that could only be made 
by a short animal. The meniscate sections fit this inter- 
pretation, because they reflect neither backfill lamellae 
nor muscular waves, but the contour of the rounded rear 
edge of the sole sinking down after a wave had passed. 
Therefore each wiggle starts with a discordance. 


Modification in the Deepsea: Dictyodora. During the Pa- 
leozoic, the snorkel became shorter and gave up its 
pendulum swing in Psammichnites makers that con- 
tinued in the shallowmarine realm. Deepsea forms 
(Dictyodora) used the same burrowing technique, but 
their snorkel became increasingly longer. By Car- 
boniferous times it had gotten so long that the spreite, 
produced by a siphon less than 1 mm wide, became the 
most prominent feature. The long snorkel allowed the 
animal to explore deeper tiers, while no attempt was 
made to enlarge the area covered at the sediment sur- 
face. To the contrary, the tip of the siphon tended to 
remain fixed as the animal cruised at depth, so that 
the spreite surfaces are conical. Obviously, the Dictyo- 
dora animal extracted its food at depth, rather than from 
the surface. 

Another problem is the snorkel’s cutting mechanism. 
The delicate sculpture of the spreite surface looks like 
the trace of a tight string tied at both ends, because the 
lines are smoothly curved and never show any kink. Yet, 
cross sections show that the spreite had the crescentic 
structure of an active transversal backfill, which is in- 
compatible with a mucus-lined cleft that would have 
closed behind a wedging string. This siphon must have 
been covered all along by a ciliated epithelium that ac- 
tively moved sediment from the cutting to the trailing 
edge. We shall come back to a similar mechanism in 
the discussion of gyrochortids (Pl. 35) and Daedalus 
(Pls. 43-45), except that in these cases the string was the 
body of a wormlike tracemaker. 

The meandering epirelief of a body backfill from 
a heterolithic flysch can hardly be told apart from sco- 
liciids in the same mode of preservation. As in the 
Palaeobullia preservation of Scolicia (Pl. 26c), the 
chevron sculpture of the outer surface (marginal zones) 
opens backwards, while the laminae of the geopetal 
backfill open in the direction of motion. The lower 
part of the backfill lamellae is also divided by what 
appears to be a median faecal string. The identity of 
the second specimen with Dictyodora is only revealed 
by the associated snorkel spreite that cuts across sand 
and mud layers. 

The connection between the two structures is more 
obvious in mud facies (Austria, Germany, Spain), even 
though specimens tend to be tectonically deformed. Part 
of a body backfill (top and bottom views; oriented by 
conical snorkel spreiten) also shows a median snorkel 
seam, expressed by an elevated strip with a central fur- 
row. In the lower figure, snorkel spreiten progressing 
from left to right are shaded, reverse ones white. They 
reflect concentric meanders, as shown in the following 
plate. 
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۷۱۰ Burrows of Short Bulldozers 


Plate 29 
Psammichnitid Behavioral Evolution 


Having tentatively identified psammichnitid trace 
fossils as the burrows of slug-like bulldozers with a snor- 
kel (possibly representing an infaunal and naked branch 
of halkieriids), we can now trace their behavioral evo- 
lution, as we did for the analogous echinoid burrows 
(Pl. 26). 

The story possibly begins with the minute Aulichnites 
from the Vendian (= Ediacaran) of Russia, even though 
the trace of the snorkel is replaced by a median furrow. 
Anyway the sharp bend in the figured specimen suggests 
a relatively short rather than a wormlike tracemaker. 

In Psammichnites gigas (here from Lower Cambrian 
of Sweden), we see that in Russia the scribbling soon 
changed to a more efficient meandering program. Such 
meanders continue into the Carboniferous (Auernig 
Beds) of Austria and the Permian of Western Australia 
(Pl. 30). In this shallow-marine line, the snorkel became 
shorter and gave up its own wiggling - perhaps because 
food was derived more at the level of the body than from 
the surface. 

A similar trend to tighter meanders is observed in 
deep-sea sediments, except that the animals became even 
smaller. At the same time the snorkel became lengthened, 
allowing the animal to bulldoze at deeper levels. Still the 
snorkel maintained its ability to cut its own way through 
the sediment, only lagging somewhat behind the course 
of the body at depth. As a consequence, the thin and 
conical spreite of the snorkel becomes the most eye- 
catching part of the fossil burrow (Pl. 28). It becomes 
visible either on vertical fracture surfaces, which expose 
the delicate and slightly oblique lines of progression. 
Alternatively, it can be studied in bedding plane sections 
(Myrianites or Palaeochorda preservation), in which 
the same meander pattern is repeated at subsequent 
levels, but becomes successively smaller higher up. This 
pattern is the result of the snorkel lagging behind the 
body. So, whereas the tip of the snorkel scanned a larger 
area than the body in Cambrian Psammichnites (Pl. 27), 
the roles became reversed in the Dictyodora lineage. The 
trace of the body contouring the lower edge of the 
Dictyodora spreite resembles Psammichnites. It was 
originally described under a separate name (Crosso- 
podia henrici). 

Forms from Ordovician to Devonian flysches still fol- 
low a simple meander course of unlimited length. Car- 
boniferous members added a starter spiral - not only 
for establishing a guideline for the meanders, but as a 
winding stairway to the deeper level of bulldozing. 

The three Carboniferous examples of Dictyodora 
come from different areas in Germany and Austria, so 
that their stratigraphic relationship is not established. 


Nevertheless they could represent a lineage in which the 
two stages of the burrowing program became succes- 
sively modified. First, the meanders turned free from the 
starter spiral after a few hugging lobes, so that later parts 
resemble pre-Carboniferous forms. At a second stage, all 
meanders kept contouring. Eventually, the meandering 
part of the program was dropped alltogether and the 
whole burrow consisted only of the spiral, but with many 
more and tighter coils. Such corkscrew variants resemble 
“Spirophyton” eifeliense (Pl. 39) except that they have a 
marginal backfill structure. 

To test this evolutionary model, one would have to 
study more specimens collected in stratigraphic order. 
The dark shales in which Dictyodora is found also lend 
themselves to serial sectioning and reconstruction in 
the form of glass or computer models. This would be 
an interesting task, because heterochronic models of 
evolutionary change could be applied to behavioral 
programs instead of anatomical bauplans. Also similar 
is the evolution of simpler and less constrained programs 
(continous meandering) into more complex ones. It re- 
sembles the phenomena of terminal growth and count- 
down morphologies in marginally growing shells. After 
all, morphogenetic and behavioral programs may be con- 
sidered as different expressions of a similar genomic 
control. 


m Hypichnialtrilobite track deformed by Psammichnites saltensis 
(Puncoviscana Fm., Salta) 
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Plate 30 
Bi- and Tripartite Backfill Bodies 


Due to the scarcity of deepsea turbidite series (which are 
normally lost by subduction and are preserved only when 
pushed up on continents) and to their heavy tectonization, 
the stratigraphic sequence and range of Dictyodora is 
poorly known. In any case, it has never been found in a 
post-Paleozoic flysch. In the shallowmarine realm 
Psammichnites extends into the Permian, but has neither 
been found in younger sediments. So we may assume 
that the makers (possibly slug-like infaunal halkieriid 
molluscs) vanished in the end-Permian extinction. In the 
present plate we deal with the last representatives of 
Psammichnites and with another distinctive kind of back- 
fill burrow (Curvolithus) that extends from the Paleo- 
zoic into the Tertiary and possibly to the present day. In 
both, the backfill body is divided into longitudinal 
strings, two in the Permian Psammichnites, three in 
Curvolithus. 


Permian Psammichnites. In the previous plates we mod- 
eled Psammichnites after echinoid burrows, in which the 
backfill consists of lamellae in the shape of watchglasses 
or contact lenses. In this perspective, psammichnitid 
bilobality was introduced only by the trace of the snor- 
kel running along the crest. In Permian examples from 
the Canning Basin (Western Australia), however, the 
whole backfill body appears to have been bipartite. This 
becomes evident not by sectioning, but by the compari- 
son of epichnial specimens, in which only the lower part 
of the backfill lamellae has been sandy (geopetal back- 
fill). As the muddy upper part of the backfill got lost with 
the surrounding shale, weathered top surfaces provide 
us with natural CAT-scan profiles of the burrow fill. 

The difference starts in the deeper (A), where the 
midline is traced by a furrow instead of a crest corre- 
sponding to the snorkel, similar to Aulichnites (Pl. 29). 
At higher levels (B), bipartition becomes more pro- 
nounced. Even when the sandy backfill peters out (mud 
phantom situation; C), the lower surface does not show 
transverse hatching or a ladder-like Plagiogmus pattern 
(Pl. 27), but a delicate median ridge zigzagged by alter- 
nating backfill packages on either side. Probably the 
waves transporting sediment along the right and left half 
of the body were no longer synchronized, but acted in 
alternation. This does not necessarily imply a completely 
different maker, because a similar switch to bipartite ac- 
tivity of the sole muscles also happened in some gastro- 
pods. Perhaps this arrangement facilitated steering, 
which was essential in making the smooth meanders 
observed in the same beds. 


Curvolithus. A different kind of maker, but a similar bur- 
rowing technique, is expressed in this characteristic trace 


fossil. The name was coined for an occurrence in the Or- 
dovician of Bohemia and refers to a typical behavior: on 
rippled top surfaces of storm sands, Curvolithus tends to 
emerge and dive down again like a dolphin at play. In 
Swabia, collectors of the last century called Jurassic forms 
Ordensband, referring to another characteristic: the dis- 
tinct parallel bands resemble the colored ribbons that 
decorated heroes' chests. In the trace, the three bands 
differ not in color, but in sculpture. The two marginal 
lobes bulge and commonly show irregular swellings. In 
contrast, the median zone is completely smooth and 
evenly vaulted. Well preserved epichnial specimens also 
show a delicate median line, but instead of forming a 
ridge or a furrow, it consists of a double groove that looks 
as if the burrow fill had been decorated from outside with 
a minute two-pronged fork. Possibly the feature repre- 
sents a median faecal string that was mucus-lined and 
placed at the crest of the backfill rather than on the base. 
Hypichnial expressions of Curvolithus are also tripartite, 
but with a somewhat flatter profile. They lack the dol- 
phin behavior as well as the median grooves. 

With regard to the potential tracemaker, the jumps 
across the sand/mud interface provide us not only with a 
directional clue, but also with perfect backfill phantoms. 
In longer jumps, the sand phantom emerges from the top 
surface of the bed like a minute cat's tongue, while the 
corresponding mud phantom can be seen at some distance 
(see Pl. 28). Both indicate a flat body that was three to 
five times longer than wide. In shorter jumps, the tip of 
thesand tongue telescopes into the mud phantom, remain- 
ing sharply separated from the sand around. A further 
clue to the shape of the animal is a crenulated tail print 
on the top of a sand phantom. There may have also been 
some median organ (but not a snorkel!) on the dorsal side 
that is responsible for the paired groove. So far, our de- 
scription would well fit a flatworm bulldozing through 
the sediment by cilia too small to produce a visible trans- 
verse sculpture. But why the thick marginal lobes? 

Normally, the backfill lamellae of Curvolithus cannot 
beseen,because the sand is too uniform and because there 
is never a geopetal mud part of the lamellae that would 
have made them visible, as in the Permian Psammichnites 
(above). Here, an occurrence of Curvolithus in the Juras- 
sic of Greenland comes in handy, because the host rock 
is so micaceous that backfill structures are expressed by 
the orientations of mica flakes. In this exceptional mate- 
rial, Heinberg showed that the marginal bulges repre- 
sent separate backfill bodies. They were probably pro- 
duced by undulation of the flatworm's margin, while the 
rest of the backfill was fitted into them upon passage of 
the rear end. This model fits the shape of the sand phan- 
toms, where the marginal lobes begin only at a distance 
in front of the rear tip: as their backfill was deposited 
along the flanks of the body rather than at the rear end 
of the animal, their phantoms cannot extend as far back. » 


Plate 30 - Bi- and Tripartite Backfill Bodies 
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The other claim derived from the Greenland Curvo- 
lithus, that the central backfill body was bipartite as in 
the Permian Psammichnites (see above), is less convinc- 
ing. If this had been the case, the tip of the phantom 
tongue should also be asymmetric. More likely the back- 
fill lamellae are chevron-shaped, conforming to the rear 
end of the sand phantom. In any case, the Greenland 
example underlines the usefulness of highly micaceous 
sediments for revealing otherwise invisible structures. 
This should be remembered in the field, as well as in labo- 
ratory experiments 

Backfill phantoms, however, may be deceiving. A film 
shown by Steve Hasiotis at the Goldring symposium in 


Reading (July 2006) shows the nymph of a terrestrial in- 
sect (hemipteran) at work. It removes the substrate in 
front of its burrow, but unlike subaquatic bulldozers it 
does not redeposit it right behind the body. Instead it 
turns with a somersault and carries the load for some 
distance through the still open tunnel before it is back- 
stuffed in the typical meniscoid fashion. Evidently the 
open chamber behind the body is needed by the insect 
for breathing air with its tracheal lungs. Combined with 
a change in substrate, the resulting backfill phantom 
would thus suggest an overly long, wormlike trace maker. 
This must be kept in mind when studying trace fossils in 
continental deposits (Pl. 32). 


m Curvolithus (L. Jurassic, Germany) 


m Curvolithus (M. Jurassic, Germany) 


Burrows of Wormlike Bulldozers 


Plate 31 hen we say worms, we mean long, soft and usually cylindrical animals be- 
Trace Fossil Classification longing to many different phyla. They all have evolved this shape and a peri- 
staltic mode of movement for burrowing in soft sediments. Therefore, instead of 
Plate 32 trying to shoehorn fossil worm burrows into zoological systematics, we shall dis- 
Unbranched Burrows tinguish informal groups that show particular modes of penetration, backfilling, 
and pattern formation. 
Plate 33 This is a less exciting chapter, because except for spirals and meanders (Pls. 33 
Spiral Burrows and 34), there are no complex behavior patterns involved. Still this is what one 
most commonly finds; so it requires the distinction of minor details to say more 
Plate 34 than just “worm burrows”. Plate 35 also introduces a kind of infaunal locomotion 
Nereitids that is so far unknown from modern environments. By moving at an angle to the 
body axis, these animals produced a kind of spreite that is neither connected with 
Plate 35 a stationary tunnel system, nor with an obvious grazing strategy. 
Gyrochortids At this point, we also have to deal with the difficult problem of ichnotaxonomy. 


So far, the general affiliation of the maker in terms of phyla was no real problem. 
This changes as we approach the world of “worm trails”. First, we are less familiar 
with these “lower” creatures. Second, they are not represented by body fossils 
and, third, anatomical fingerprints (bioglyphs) tend to become wiped out during 
fabrication of the trace. Yet we may rely on the lesson of previous chapters: what 
we find on bedding planes are most likely undertraces or burrows, rather than 
surface trails. 
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Plate 31: Trace Fossil Classification 
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Plate 31 
Trace Fossil Classification 


In previous chapters, it was still possible to affiliate given 
trace fossils with particular kinds, or groups, of animals. 
From now on, such affiliation will be rarely possible, even 
though the trace fossils concerned may be very distinctive. 
New taxonomic links will undoubtedly be discovered as 
neoichnologists proceed from studying only surface fea- 
tures to explore the burrows and undertraces that are more 
likely to be preserved. Also, established ichnogenera may 
be recognized as preservational variants of the same kind 
of burrow. Nevertheless it would be useful to agree on some 
general system by which trace fossils can be ordered - be it 
in textbooks or in reference collections. 

The safest way out of the dilemma appears to be an alpha- 
betic order of ichnogenera, as was practiced in the Treatise 
on Invertebrate Fossils - provided that these names have some 
stability. Unfortunately this is not the case. In parataxa that 
potentially span the whole geologic record, senior synonyms 
often remain unnoticed. Also, specialists have their own unique 
field experience and their own interpretations, so that there 
will be much disagreement about grouping. As a result, there 
is still a vast number of synonyms to be weeded out, while 
new ones are introduced at an even higher rate. Unfortunately 
names will and must change, even though the Rules of Zoo- 
logical Nomenclature were established to keep them constant. 

Many ichnologists support a purely morphological clas- 
sification of trace fossils, disregarding their interpretation: 
short bilobites are attributed to Rusophycus and long ones 
to Cruziana - even if we know that both were made by the 
same trilobite in one case and by a branchiopod crustacean 
in another. The ultimate goal would be to use the computer 
as an impartial arbiter. 

The core of the problem at hand is the incompatibility 
of two systems. Nomenclature attempts to unmistakably 
label natural objects for easier communication; therefore it 
is primarily concerned with their identity and with the con- 
stancy of the name by which they happened to be chris- 
tened. Therefore one continues to use names such as 
Arthrophycus, although the fossil is certainly not the impres- 
sion of a seaweed, as the Greek root suggests. But Latin names, 
like personal names, must be binominal to become valid. So 
the genus name (like the family name in our passport) al- 
ready implies a hypothesis about relationship that goes be- 
yond pure identification. In practice, however, ichnologists 
often use only ichnogeneric names and forget the ichno- 
species name after the baptism ceremony. As most ichno- 
genera are monospecific, this neglect is pardonable and has 
also been followed in parts of the present text. 

In contrast to nomenclature, classification goes beyond 
description by implying hypothetical relationships between 
nonidentical objects. These relationships may be of differ- 
ent kinds and it is only a matter of agreement which kind is 
chosen as the base of an encompassing classification. In sys- 


tematic biology this is the relation by descent (phylogeny). 
As we have seen, the uncertain authorship makes it difficult 
to apply this principle to all trace fossils. Nor can any other 
kind of relation do justice to the whole spectrum of trace 
fossil morphologies, from dinosaur tracks to worm burrows. 

It is probably realistic to abandon the dream of a unified 
and logically consistent ichnotaxonomy. Rather, we should 
decide from case to case whether taxonomic, behavioral, 
preservational or stratigraphic relationships are most ad- 
equate to order ichnogenera and ichnospecies (or subspe- 
cies) in each particular group. Accordingly, the “classifica- 
tions” used in this book should be understood as coordi- 
nates in a multidimensional morphospace, rather than uni- 
versal ordering systems. 

After having defined trace fossils as contrasted to body 
fossils (even our definition is arguable; where do coproli- 
tes, egg shells, or rock borings belong?), we can order them 
in an ethological scheme according to function. Instead of 
listing all thinkable activities (sitting, flying, mating etc.), 
the diagram on the lower left contains only six activities 
that are most commonly expressed in trace fossil morpholo- 
gies. Given forms can be placed in one of the sectors, closer 
to the core if the tracemaker can be identified, or nearer the 
periphery if it is unknown. Multiple functions are common, 
but usually one dominates the morphology more than oth- 
ers. The callianassid tunnel system in Pl. 18, for instance, is 
primarily a dwelling structure (domichnion), but it may also 
contain fodinichnial elements in the spreite section and an 
agrichnial structure in the corkscrew. 

Equally important is the preservational scheme describ- 
ing the position and relief of the trace fossil relative to a layer 
of coarser sediment (commonly sand deposited during a 
high-energy event). Photographs of trace fossils are often 
difficult to judge. Unconventional lighting (other than from 
the upper left) makes grooves appear as ridges and vice versa. 
It is also important to know whether one is viewing a top or a 
sole surface (epi- versus hyporeliefs). In particular cases, the 
topological scheme needs to be elaborated. In Psammichnites 
gigas, for instance (Pl. 27), the soft outline of the positive 
epirelief indicates that it was pressed-through from below 
(shadow trace), while the sharp sinus line on its top suggests 
the cutting effect of the snorkel at this very level. On the other 
hand, soft contours in burrows preserved as positive hypo- 
reliefs may indicate that they were exhumed in the erosive 
phase of a high-energy event and cast in its depositional phase 
(Taphrhelminthopsis, PL 26; graphoglyptids, Pl. 52). 

Intercutting relationships between associated trace fossils 
form another important aspect of topology. In mixed-tier 
communities, burrows that intersect mostly belong to a deeper 
tier relative to the ones penetrated. Thus, the sharp reentrants 
around worm tunnels into the positive hyporeliefs of trilo- 
bite burrows tell us that they belong to a deeper tier and were 
made after the trilobites had moved to a higher level (Pl. 74). 

Another possible classification is by behavioral complexity. 
But is a trilobite’s trackway incidental, its burrow intentional? 
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۷۱۰ Burrows of Wormlike Bulldozers 


Plate 32 
Unbranched Burrows 


There are three ways to wedge a worm-shaped body 
through the sediment: undulation, peristalsis and ciliary 
or parapodial waves. Undulatory movements are used 
for swimming in fluids by bacteria, flagellates and sperm, 
as well as by fish. In larger animals, undulation is as- 
sisted by compressed body shapes (sea snakes, flatfish, 
salpid colonies). 

Burrowing nematodes are able to “swim” through soft 
sediment (or intestinal contents) in this manner in spite 
of their circular cross section. Accordingly their surface 
is perfectly smooth, but they do not exceed a certain size 
compatible with the viscosity of the medium in which 
they burrow (Pl. 33). Peristaltic motion has been dis- 
cussed in Pl. 21. In earthworms, it is assisted by setae 
that act like a ratchet: they rise up in the expanded and 
fold down in the contracting parts. Rhythmic constric- 
tions and longitudinal scratches in the intervening parts 
of Scoyenia could be referred to such a kind of locomo- 
tion; but the question remains, whether pure peristalsis 
is compatible with active backfill. 

The third case, burrowing by appendages such as 
parapodia activated in metachronal waves, resembles 
bulldozing by a pelt of spines in spatangoids (Pl. 26). 

The present plate unites wormlike trace fossils that 
do not branch, either because the animal could not move 
backwards, or because the tunnel was actively backfilled 
behind it. Therefore this is a very heterogeneous group 
that cannot claim the status of an ichnofamily. 

A trace from the Silurian of Russia (cf. Petalichnus) 
resembles Scolicia (Pl. 26) in that the meniscate backfill 
and the chevron sculpture open in opposite directions. 
But the chevrons are pustulate like those made by the 
crenulated margin of a molluscan foot. Perhaps Psam- 
michnites (Pl. 30) would look similar if preserved as a 
positive hyporelief? 

Granularia has already been mentioned (Pl. 18) as a 
miniaturized deepsea ophiomorphid. Our diagram only 
emphasizes the oblique scratches in a Spongeliomorpha- 
like preservation. This is in contrast to the more longi- 
tudinal scratches of the backfilled Scoyenia, which could 
have been made by insect larvae or earth worms. 

As shown in Pİ. 21, spicate trails are made by the split 
foot of molluscs (protobranch bivalves and scaphopods), 
as shown by experiments in which a small bivalve (Aci- 
la) produced undertraces identical to Protovirgularia. 
A similar form (Uchirites) from Carboniferous and Pa- 
leocene turbidites is more deeply impressed and some- 
times shows the trace of the shell dragged behind as a 
smooth core. The angularity of the specimen from Ven- 
ezuela is not true branching. It could have been produced 
by withdrawing the foot before protracting the shell and 
penetrating again in a different direction. 


The cylindrical burrows in the third row lack charac- 
teristic surface sculptures, but differ in the structure of the 
backfill. In Muensteria the meniscoid backfill packages 
consist of host sediment, but are smaller than the lamellae 
of scoliciid bulldozers. The larger form from Italy incor- 
porates faecal pellets that are smaller relative to the tun- 
nel diameter than in worms. Tomaculum may originally 
have been similar, but due to compaction it appears as a 
string of elongate pellets in Ordovician shales. Scoleco- 
coprus, in contrast, is stuffed with faecal pellets almost 
the diameter of the tunnel. Because it occurs in nonmarine 
deposits, it may well be produced by earthworms. 

Mantle burrows (Biformites, Angorichnus) have a 
marginal backfill (Pl. 37). As it consists of displaced host 
sediment, it may represent a backfill phantom of the 
evertible proboscis that made it. In the right specimen 
from the German Keuper, two individuals passed ob- 
liquely from clay into an overlying sand and the terminal 
backfill inside the tunnel produced a much longer phan- 
tom of the body itself (see diagram). Ancorichnus ranges 
widely in time and environments. In the Ediacaran Neno- 
xites it is not clear whether the transversal segmentation 
is caused by marginal backfill or elongated pellets. In any 
case, meandering is not as “Greek” as commonly claimed. 
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Plate 33 
Spiral Burrows 


From early Polynesian petroglyphs on, humans perceived 
spirals as ornaments, sometimes with magical under- 
pinnings. In nature, they appear as fabricational noise, 
functional design, or both. Molluscs secrete logarith- 
mically coiled spiral shells, which conform to the growth 
of the contained soft bodies. Spiral traces, in contrast, 
keep the same distance between whorls (Archimedean 
spirals), because they have the basic function to uni- 
formly fill a given space without overcrossing. At the 
same time, spirals can be produced with a simpler be- 
havioral program than guided meanders: “Just turn right 
(or left) and keep the same distance from your previous 
trail or burrow.” 

In the first category, corkscrew burrows, not even such 
a program is required for the simplest forms, because 
they derive from the locomotory principle of nematode 
worms. In a three-dimensional substrate, the undulation 
of Cochlichnus can easily switch to corkscrew motion. 
In the two specimens from the Lower Jurassic of Helm- 
stedt, northern Germany, the epichnial one follows the 
bedding plane in a sinuous line, while only the lower 
whorls are seen in the hypichnial corkscrew variant. As 
we shall see in Pl. 53, such a mode could have developed 
into complex graphoglyptid burrowing programs. In 
contrast, the vertical burrows of the Early Cambrian 
Spiroscolex are too tightly coiled for a locomotory 
(repichnial) interpretation. As open tunnels they may 
have been used to farm bacteria (see Gyrolithes, Pl. 17) 
and could later become passively filled with sand from 
above. On the other hand, spiral programs may serve 
quite different purposes. Some beetle grubs use it for 
constructing safe pupa chambers (Tambia, Pl. 3), while 
small intertidal crabs in India vault their burrows dur- 
ing low tide with pellets of wet sand in a spiral fashion. 
Their techniques may be compared to pre-wheel pottery 
or to the way in which beehives were made of straw 
bundles in earlier times. Note, however, that whorl di- 
ameters must systematically change during execution of 
the program. Also, Tambia as well as the crab cupolas 
start with wide whorls and end in the center. 

The second category, horizontal scribbles, may be 
viewed as a sloppy version of planar spirals: by allowing 
for some double coverage in overcrossings, their makers 
bypassed the difficulty to maintain constant whorl dis- 
tances. We already discussed this strategy in trilobite 
(Pl. 14) and molluscan bulldozers (Pl. 27) of Cambrian 
times. Soitis probably no coincidence that our examples 
of scribbling worm burrows are also very old (Gordia 
from the Vendian, Upper Cambrian of USA and Lower 
Ordovician flysch deposits of Barrancos, Portugal), while 
no counterparts are known from later times. In all three 
cases, the burrows became actively backfilled. 


The guided spirals of our third category also follow 
the bedding plane. An anthropogenic example are the 
spiral plowings in North Africa, by which German troops 
made their airstrip unusable during World War II. The 
two fossil examples, from turbidite soles in a lower Car- 
boniferous (Kulm) flysch of northern Germany, keep a 
wide and very regular distance between whorls. Whereas 
the trace is continuous in Spirodesmos archimedes, it is 
segmented in Spirodesmos interruptus. The regular obliq- 
uity of the segments throughout the spiral excludes a tec- 
tonic artifact. Rather it suggests that the segments repre- 
sent rod-like and relatively stiff faecal pellets, whose dis- 
tal ends became pushed outward during backfilling. Thus, 
Spirodesmos cannot be compared with the open tunnel 
systems of graphoglyptids in the same facies (Chap. XII). 
More properly they may be compared to spirals on mod- 
ern deepsea floors. Some of the available photographs 
show that they are faecal strings left by much wider brows- 
ing holothurians. As such surface structures would have 
been erased by a turbidity current, the fossil forms may 
reflect a similar behavior of an undermat miner (Pl. 49). 

The starter spirals in the lower bracket do not prop- 
erly belong here, because they result from a general di- 
lemma in the performance of guided meandering (Pl. 51), 
rather than requiring a distinct program: in the absence 
of a previous turn, the animal uses the point at which it 
entered the bedding plane as initial reference. All four 
fossil examples come from flysch deposits. Nereites, 
Dictyodora and Taphrhelminthopsis are discussed on 
Pls. 34, 29 and 26, respectively. Not represented in other 
plates is Spirophycus, whose preservation (as washed- 
out casts on the soles of Early Tertiary turbidites) re- 
sembles that of the associated washed-out version of 
spatangoid burrows (note irritation of Taphrhelmin- 
thopsis by Spirophycus). Therefore it probably represents 
the backfilled cylindrical burrow of an unknown and 
fairly large animal. The species name (Spirophycus bi- 
cornis) refers to a specimens in which two starter spirals 
made by different individuals happened to be symmetri- 
cally arranged. 

In spite of the similar combination of a starter spiral 
with regularly spaced meanders, the open tunnel systems 
of the annelid Paraonis (Pl. 51) in modern beach sands 
serve yet another function. As H. Roeder found out, they 
are regularly revisited and made anew after every tide. 
They possibly function as a kind of intrasedimentary 
spider webs for catching vertically migrating interstitial 
organisms. The absence of starter spirals in grapho- 
glyptid meanders (Pls. 53, 54) suggests that they are de- 
rived from undulating or corkscrew locomotion. Note 
also that a starter spiral still occurs in the Devonian 
Nereites, while the younger Helminthoida (Pl. 34) could 
start without it. A similar behavioral improvement can 
be observed in Oligocene representatives of Taphrhelmin- 
thopsis (Pl. 26). 
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Plate 34 
Nereitids 


The name Nereites refers to the annelid worm Nereis, for 
whose body impression this trace was originally held. 
On the top face of thin sand layers (epichnial = Phyllo- 
docites preservation), this trace appears as a central 
groove flanked on either side by an elevated lobate zone. 
It is analogous to the Palaeobullia preservation of Scolicia 
(Pl. 26), where the geopetal transition from a sandy into 
a muddy “facies” within meniscate backfill lamellae 
causes a similar gill-like structure. 

Without such preservational effect, the lateral back- 
fill zones easily pass unnoticed. On split surfaces (endich- 
nial = Scalarituba preservation), the median string be- 
comes the dominant feature. It is also segmented in a 
meniscoid fashion. But as the segments are much thicker 
than usual backfill lamellae, and because they consist of 
a finer fraction than the host sand, they probably corre- 
spond to large faecal pellets. Nevertheless the lateral 
backfill zones were always present. This can be seen at 
intersections, where the penetrated faecal string ends 
short of the penetrating one. 

The full three-dimensional structure of Nereites is 
revealed by rather inconspicuous variants on sole sur- 
faces (hypichnial = Dreginozoum preservation). Because 
sand sinks to the bottom of the backfill lamellae, no “gill” 
structure can develop at the interface with the underly- 
ing mud. Instead one sees pustules on the outer surface 
of the trace. One may assume that the animal backfilled 
processed sediment radially in all directions. 

In summary, Nereites and related ichnogenera are 
produced by animals that removed the sediment in 
front, but not by radial eversion of a voluminous pro- 
boscis. Rather they probed and backfilled the rejected 
sediment laterally around the burrow by bending the 
head (probably with a small proboscis) in various di- 
rections at regular intervals. The finer and more nu- 
tritious fraction of the excavated sediment was ingested 
in each bite, passed through the gut and backfilled at 
the rear end. The fact that the faecal pellets are almost 
as wide as the body, points to a worm rather than an 
arthropod. It is also clear that food was extracted from 
the sediment, because the reworked halo is relatively 
more voluminous in sand than in silt or foraminiferal 
ooze. With this very distinctive mode of sediment 
feeding as a guideline, we can now follow the behavioral 
evolution of the unknown trace-makers through Earth 
history. 

The record possibly starts with Nenoxites (Pl. 32) in 
shallowmarine sediments of the late Proterozoic of Rus- 
sia. It already shows a central string of backfilled faecal 
pellets and a reworked marginal zone. While the envi- 
ronment and the behavioral interpretation would fit 
nereitids, the interaction of “Nereites” saltaensis with tri- 


lobite tracks (Pl. 65) and the deformation of adjacent 
bedding planes suggest that it should better be affiliated 
with Psammichnites. 

Our first two examples come from Silurian turbidites. 
They fall out of line by their relatively small size, but also 
because they are behaviorally more advanced than De- 
vonian Nereites. In fact, the loops contour each other so 
tightly that little or no unused space is left between them, 
while the reworked halo is wider than the faecal string, 
as corresponds to the siliclastic nature of the sediment. 
With distance/ length ratios of 1/16 and 1/22 of they were 
already very efficient in covering a given area. Yet there 
is a significant difference between occurrences. The 
meanders from the Silurian flysch of Aberystwyth 
(Wales) maintain the arcuate course that probably initi- 
ated with a starter spiral. They may also bend back 
around the turns of previous loops, but much less so than 
Helminthoida labyrinthica of later flysches. In contrast, 
theform from an equivalent facies of the Ouachita Moun- 
tains (Oklahoma) tends to give up contact with previous 
loops before turning (white arrows). Thereby the loops 
become straight, except for the turns that tend to bulge 
due to a limited turning radius. It would be worthwhile 
to excavate more complete systems of this unusual form. 
Middle Devonian Nereites loomisi from the Variscan fold 
belt in Germany still burrowed in silts and had more 
loosely coiled meanders. 

Helminthoida labyrinthica from Upper Cretaceous to 
Eocene turbidites in the Alps differs in four respects. (1) It 
is much smaller than the Paleozoic forms; (2) it is more 
tightly coiled with narrower lateral backfill zones; (3) it 
occurs in foraminiferal ooze rather than siliciclastic sedi- 
ments; (4) individualloops bend back over previous ones. 
Although such overlapping disrespects the limitation of 
loop length, it improved the ability to fill unused corners 
of the nutritious bedding plane. While the reworked halo 
is narrower than the faecal string, elevated lobe zones 
can be seen between the lighter-colored faecal strings in 
meanders that were made on top of a somewhat coarser 
layer (block diagram). So there is no doubt about the 
affiliation with Nereites. 

As a whole, nereitids in flysch facies show a trend to- 
wards miniaturization and more complex behavior, as 
observed in other deepsea lineages (Pls. 26, 29, 55). Still 
they seem to have never made it into the exclusive pre- 
turbidite club (Pl. 72). 

Shallowmarine (shelf) representatives, in contrast, 
retained open meanders. The Paleozoic Scalarituba 
occurs in impure sandstones of the Zoophycos facies, 
while the Jurassic Neonereites is found on the tops of 
thin storm sands. In this ichnogenus the faecal pellets 
are well separated. They appear as a string of beads 
in the Lower Jurassic (Neonereites uniserialis), but alter- 
nating in two rows (Neonereites biserialis) in the Middle 
Jurassic. 
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Plate 35 
Gyrochortids 


So far we have tacitly assumed that wormlike bulldozers 
burrow head-on in the direction of their body axes and 
that sediment is backfilled either in a proboscideal mantle 
layer and/or behind the rear end of the animal. If there 
had been no other information available, this model 
might also have been applied to Gyrochorte: a worm trace 
with terminal backfill burrowing along the bedding 
plane. Yet, this interpretation is incompatible with a num- 
ber of strange phenomena. 


Vertical Repetition. If the sand layer bearing the positve 
epirelief of Gyrochorte is not too thick, the sole face regu- 
larly shows a corresponding hypichnial groove. This 
might remind us of the vertical repetition in Psammich- 
nites (Pl. 27), which is due to the wedging effect of the 
animal below; or to the vertical repetition in escape bur- 
rows of Asteriacites (Pl. 24). Yet the case of Gyrochorte is 
different. Here, the corresponding epi- and hyporeliefs 
are equally sharp and follow a similar, but not identical 
course: if both are superimposed in a drawing, the 
hypichnial expression (shaded) always wiggles less than 
the corresponding epirelief. Why should that be? 

Imagine the tracks of a bicycle on a beach: the rear 
wheel will follow the excursions of the front wheel, but 
in a smoother curve and offset by the wheel distance. By 
the same token, the epichnial ridge of Gyrochorte must 
have been made by the front part, and the hypichnial 
groove by the rear part, of the worm. In contrast to the 
bicycle, however, these parts did not move at the same 
level; i.e. the animal bulldozed through the sediment like 
an inclined jigsaw, oblique to its body axis! 


Backfill Structure. More information comes from the struc- 
ture of the backfill, which can normally be seen only where 
the trace intersects a bedding plane. In Gyrochorte comosa, 
the positive epirelief looks like a maiden's braid with a me- 
dian groove, while the orientation of the chevrons is not 
immediately clear. In the former interpretation as crus- 
tacean trackway, they would have opened backwards, but 
with the offset of the hypichnial curve as a directional cri- 
terion, a forward divergence can be established. 

In conclusion, Gyrochorte was made by an animal 
moving sediment from the ventral to the dorsal side of 
the body. As in an oblique posture this motion implied a 
vertical component, the backfill became elevated rela- 
tive to the surrounding bedding plane. In G. comosa, each 
segment probably corresponds to the action of one pair 
of parapodial shovels. 


Crossing-over. As in Psammichnites (Pl. 27), double eleva- 
tion makes epichnial intersections look as if one string 
had been laid on top of another. In Gyrochorte, however, 


elevation was not caused by vertical pressure, but by 
an oblique action of parapodia. So we should also ex- 
pect a slight backward displacement in the hump of 
the later trace. This can actually be seen in plan views of 
the crossings. 


Inclination. Unfortunately, few sandstones are as mica- 
ceous as in the Jurassic of Greenland, where three-di- 
mensional backfill structures can be directly observed 
not only in Curvolithus (Pl. 30), but also in Gyrochorte. 
But one can estimate body inclination also from the off- 
set of top versus sole-face wiggles, or kinks, and the thick- 
ness of the slab. It turns out that the body was inclined 
by about 30? in Gyrochorte comosa - less steeply than in 
Heimdallia, as dicussed below. 


Number of Body Segments. In epichnial Gyrochorte comosa 
one commonly observes brushlike fannings. As they 
(1) are less common in the hypichnial version, (2) coin- 
cide with kinks of the trail and (3) always feather out in 
forward direction, it may be assumed that they corre- 
spond to a stepwise lateral swing of the animal's head 
end. In one of these brushings one can distinguish not 
only the radial impressions, but also concentric rings (cir- 
cling). If interpreted as traces of the parapodia swung 
around, they tell us that at least 20 body segments were 
involved. As the whole body must have been at least 
double as long as the swinging front part, we can safely 
assume that the maker was a polychaete annelid. 


Shape of Tail End. As may be expected in a tapering worm, 
the hypichnial grooves are narrower and less continu- 
ous than their epichnial counterparts. But where the 
hypichnial grooves terminate, in either direction, there 
is a strange inversion of relief. More exactly, a sandy tail 
in positive relief appears to extend into the broader 
groove. Rather than being the direct impression of the 
animals' tail, it probably traces its passage through the 
sand/mud interface. As actively burrowing parapodia are 
unlikely to have been present to the very last segment, 
the tail part of the body must have passively dragged 
behind. It thus produced a momentarily open tube of 
reduced diameter. At the interface, this tube collapsed 
asymmetrically, because the sand was more mobile than 
the mud below. Thus the tail trace became a positive 
hyporelief. 


Reconstruction. The block diagram combines all these 
clues into a picture of the animal cutting its way through 
the layered sediment. Only the position of the animal’s 
head is questionable: did it emerge at the surface and 
did it have tentacles for collecting food? In any case the 
tops of rippled storm sands were already covered by mud 
when the traces were inscribed, otherwise their steep or 
overhanging contours could not have survived. 
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There remains another open question: Why did this 
animal employ such an expensive mode of locomotion? 
Probably it selected food particles from the burrowed 
sediment, as other infaunal bulldozers do. Yet, if this were 
the case, why wasn’t the animal affected by the differ- 
ence between sand and mud layers, unlike the associ- 
ated Curvolithus? And why did the maker of Gyrochorte 
comosa never evolve more complex search programs 
(such as guided meanders), not even when immigrating 
into Eocene deepsea environments? 

These questions may be answered in the future. Hav- 
ing survived several major extinctions, the maker of 
Gyrochorte is probably still with us and most likely has 
already a scientific name. Will it ever be caught in the 
act? 


Early Paleozoic Representatives (Heimdallia). While Gyro- 
chorte comosa is not known before the Upper Carbonif- 
erous (Hartshorne Sandstone, Arkansas), somewhat simi- 
lar traces are common in some shallowmarine Ordovi- 
cian and Silurian sandstones. The vertical repetition of 
their epichnial ridges and hypichnial grooves (shaded 


m Gyrochorte comosa. Epirelief (L. Jur., Germany) 


in specimens from Australia and Benin), as well as in- 
creasing amplitudes at higher levels, reflect an identical 
burrowing technique. The main difference from Gyro- 
chorte comosa is the lack of a braid-like segmentation. 
Instead, the positive epireliefs show a crescentic backfill 
structure that, together with the vergence of the mean- 
ders, leaves no doubt about the direction in which the 
animal moved. Specimens from the Georgina Basin (Aus- 
tralia) also show that the animal was more steeply in- 
clined than in the Mesozoic forms. Accordingly there are 
no fannings. 

Meandering is most highly developed in a single speci- 
men from the Lower Carboniferous of Ohio (courtesy of 
Steve Stanley, Baltimore). Like the less meandering form 
from the Silurian Balcarce Quartzite of Argentina, it 
shows the backfill lamellae fanning out in the curves. This 
indicates that the animal was laterally inclined when 
turning. 

A similar trace fossil from the Lower Silurian of Benin, 
West Africa, was originally described as Gyrochorte zig- 
zag. Here it is referred to Heimdallia, coined for a closely 
related form from the Devonian of Antarctica. 


Burrows of Stripminers 


Plate 36 
Modern U-Tubes 


Plate 37 
Backfill Structures 


Plate 38 
Post-Paleozoic Zoophycos 


Plate 39 
Daedaloid Burrows 


Plate 40 
Lophocteniids 


he principle of the U-tube is used by a variety of infaunal organisms, because it 

allows continuous ventilation. The ventilation current may also be used for filter 
feeding - either from the suspension imported from outside, or from dug-out sedi- 
ment suspended within the burrow. We have already come across U-shaped feeding 
burrows made by arthropods in Pl. 18. The present chapter deals with similar spreite 
burrows made by wormlike organisms, but it also introduces stripmining systems, 
in which the generating tubes were either J-shaped or straight with dead ends. 

In this connection, a general problem must be discussed. In a strictly fabricational 
sense, Zoophycos (Pl. 38) may well be compared with rhizocoralliid spreite-burrows 
(Pls. 19, 20): a U-tube is enlarged by expansive displacement and thereby produces a 
backfill structure. The analogy is less clear in a functional sense. 


1. The tube of Zoophycos is much narrower and longer than in Rhizocorallium rela- 
tive to the width of the spreite. This means that its ventilation costs more energy 
and may have been virtually impossible in very large and lobate burrow systems. 
More probably the owner did not flush this tube, but had to return to the sediment 
surface for breathing. 

2. Zoophycos is never vertical and its spreite is never retrusive. So it never was a pure 
domicile and spreite construction was intentional rather than the incidental out- 
come of growth. 

3. It is assumed to be a typical feeding burrow (fodinichnia) with the tacit assump- 
tion that food was derived from the burrowed sediment. 

4. As seen in fine calcareous muds, the spreite is indeed stuffed with faecal pellets, 
whose elliptical shape and relatively large size fits a worm rather than a crustacean. 

5. As Kotake has shown in a burrow that looks rather daedaloid, the spreite also con- 
tains material imported from above, including volcanic ash that happened to cover 
the sediment. His conclusion was that the animal was actually feeding at the sur- 
face and stuffed its excrements into the sediment in order to keep the dinner table 
clean; i.e. the trace represents, in his opinion, a kind of sanitary burrow. 


This idea is rather compelling, particularly in quiet-water environments, where the 
garbage is not automatically swept away. It can also be applied to Chondrites (Pl. 50) and 
other “fucoid” burrows, which could hardly be seen without an alien component. My only 
objection: Why did these animals evolve such elaborate programs just to stow garbage 
away and why did they participate in the competitive expansion into deeper tiers (Pl. 72)? 

The solution to this dilemma can be sought in two directions. (1) The faecal mate- 
rial was used as a substrate for bacteria that could break down otherwise indigestible 
organic materials. The difficulty is that neither the Zoophycos nor the Chondrites ani- 
mal ever returned to the dump for a second harvest. (2) These animals had a mixed 
diet, with the bulk food coming from the burrowed sediment, plus a more protein- 
rich dessert from the sediment surface. 
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VIII - Burrows of Stripminers 


Plate 36 
Modern U-Tubes 


Sediment Feeders. We have already discussed the U-shaped 
burrow of Corophium volutator and its spreite in Pl. 19. 
In contrast, the tubes of the closely related Corophium 
arenarium (right block) are J-shaped without spreite. As 
this species inhabits cleaner sands, it can pump the waste 
water right into the pore space. 

In connection with a particular feeding process, the 
same principle of ventilation is used by the lugworm 
Arenicola. Although often described as the prototype of 
a U-tube, the open burrow is actually J-shaped. Within 
the tube, the head of the animal is positioned at depth to 
swallow sand from above by means of its large eversible 
proboscis. The sand thus ingested has been enriched in 
organic food particles by two effects. On the one hand, 
ingestion at depth produces a crater at the sediment sur- 
face, in which drifting organic particles accumulate. On 
the other hand, the water pumped down from the tail 
end for respiration becomes filtered by the sand as it cir- 
culates back to the surface. Occasional displacement of 
the head shaft also opens new areas of unreworked sedi- 
ment. In the fossil state, one would thus expect a J-tube 
with one or more cones of disturbed sediment on the 
other side, plus a horizon of rejected shell fragments at 
the level of the mouth. 

Balanoglossus from the Adriatic Sea appears to em- 
ploy a similar feeding strategy, even though it belongs to 
a different phylum (Hemichordata). Like Arenicola, it can 
be easily spotted by the faecal strings of digested sand 
that heap up on top of the tail shaft like toothpaste. The 
only difference seems to be that Balanoglossus exploits 
new areas by branching the head shaft, rather than dis- 
placing it as a whole. 


Suspension Feeders. As a sand-living suspension feeder 
does not need to dislocate its burrow to get new food, it 
can afford to stabilize the tube not only by mucus, but in 
a more permanent way. Accordingly, all three forms 
shown here produce “chitinous” wall linings that look like 
sandpaper when washed out of the sediment. However - 
like textile garments - such linings cannot expand as the 
organism grows bigger. In order to save energy and to 
avoid leaving the protective sediment, all three tube 
dwellers shown here use the same trick: they bite a hole 
near the base of the previous U-tube and add a new limb 
of adequate size and diameter. In this way, one half of 
the old U-tube can still be used as a tail shaft. The other 


half is abandoned and decays with time, but it could still 
be seen in the fossil state. Thus, fossil W-burrows tell us 
that the maker was a suspension-feeder. 

Filtering techniques differ in detail. Chaetopterus (an 
annelid) and Urechis (an echiurid) use mucus nets sus- 
pended across the tube and digested when full. Note that 
tube entrances are in both cases constricted in order to 
keep predators and oversized particles out (see similar 
constriction in Callianassa, Pl. 18). The terebellid worm 
Lanice, in contrast, extends the agglutinated wall into an 
elevated straining device. It consists of two broad lap- 
pets with radiating sand “tentacles”. Being oriented to 
face tidal currents, this instrument (enlarged view) pas- 
sively strains potential food, which the owner harvests 
at intervals with its tentacles. If the strainer has been 
smothered during a storm, a new one can be added at a 
higher level. 


Bacteria Farmers. Like Corophium, Arenicola and Lanice, 
the thread-like worm Notomastus is common in the 
Wadden Sea. It can be easily spotted by a small heap of 
faecal pellets on top of the rear entrance, but in contrast 
to the faecal piles of Arenicola, those of Notomastus con- 
trast with the surrounding sand by their black color. This 
means that food is extracted at a depth, where the sedi- 
ment is black and anoxic. This view is corroborated by 
the corkscrew course of the U-tube’s base. As in other 
corkscrew burrows with adequately distanced coils 
(Pl. 18), this part is probably used as a bacterial garden. 

While Notomastus cultivates the bacteria probably in 
the burrow wall, the symbionts of Solemya live in the gill 
tissues of the animal itself. In contrast to other burrow- 
ing bivalves, it has not internalized the U-shaped venti- 
lation (as expressed by inhaling and exhaling siphons in 
other burrowing bivalves). Instead it digs an open U-tube, 
in which the elongate shell can be moved freely by a pis- 
ton-like foot. It differs from other U-tubes by having an 
oval cross section with the long axis in the plane of the U. 
Fossil tubes, Solemyatuba, are known in dysoxic envi- 
ronments from the Ordovician onward. The figured 
specimen from the Upper Triassic of Germany also has 
an oblique appendix tube. This tube probably reached 
into deeper and more anoxic zones, from where the bi- 
valve could pump H,S for its bacterial endosymbionts 
with its foot and still spend most of the time in the con- 
tinuously aerated U-tube. 

These modern examples will help us to understand 
the more complex fossil burrow systems with which the 
remaining part of this chapter is concerned. 
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Plate 36 - Modern U-Tubes 
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۷۱۱۰ Burrows of Stripminers 


Plate 37 
Backfill Structures 


As shown in previous chapters, the active displacement 
of tunnels within the substrate - be it for growth, infaunal 
locomotion, or sediment feeding - results in meniscoid 
backfill structures. With regard to their geometry, one can 
distinguish: terminal, marginal, radial, and transversal 
backfills. It should be noted, however, that terminal and 
transversal ones are difficult to tell apart in vertical sec- 
tions. Only cuts at right angles, or serial sectioning, re- 
veal their true three-dimensional character. 

Another important feature of backfill structures (ex- 
cept the radial ones), is their potential geopetality. The 
very fact that meniscate lamellae can be seen means that 
they contain varying proportions of coarser and finer ma- 
terial. In sediment feeders this is due to rejection of the 
coarser and ingestion of the finer fraction rich in edible 
detritus. Thus, intermittently released faecal material may 
form finer-grained backfill lamellae. As mud is more co- 
hesive than sand portions, the latter will tend to gravitatio- 
nally slide towards the bottom part. The result is a geopetal 
asymmetry between sand and mud wedges in cross-sec- 
tional view, which also accounts for the gill-like appear- 
ance of Scolicia in Palaeobullia preservation (Pl. 26). 

In fresh sediment samples, backfill structures tend to 
escape attention, whereas they are greatly enhanced by 
diagenetic processes during fossilization. This is another 
reason (in addition to the low fossilization potential of 
surface traces) why ichnological investigations in modern 
tidal flats have yielded very few direct counterparts to 
known trace fossils. None of the backfill burrows discussed 
in the following chapters would be recognized only from 
the shapes of the generating tubes or their resin casts (black 
in examples shown). This does not mean that actualistic 
observations are useless, but instead of providing the di- 
rect keys to the past, they can tell us how the locks work. 


Paleozoic Zoophycos. Zoophycos is important not only be- 
cause of its long time range (Ordovician to Recent) and 
local abundance, but also because of its environmental 
significance. In principle, it is a spreite burrow compa- 
rable to Rhizocorallium and Diplocraterion (Pl. 19). In 
contrast to rhizocoralliid burrows, however, the marginal 
tube describes a widely rounded rather than a hairpin 
curve (except in the tonguelike lobes of derived forms). 
The generating tube is also much narrower relative to the 
width of the spreite. This diagnostic difference between 
rhizocoralliid and alectorurid spreite burrows (a term re- 
ferring to the similarity with a cock's tail and the junior 
synonym Alectorurus) reflects a difference in behavioral 
monitoring. The Zoophycos animal does not need a body 
bend to start spreite construction (Pl. 19); new lobes may 
arise from a straight, or even a concave, stretch of the 
marginal tunnel. Spreite construction has also a tangen- 


tial component. In spiral forms, the resulting second-or- 
der cross lamination may run towards the margin (cen- 
trifugal) or towards the center (centripetal). Alternatively, 
cross lamination may be ambivalent, suggesting that the 
animal turned around in its tube. This technique allows 
for more versatility in utilizing a given surface. At the same 
time, alectorurid burrows are ill-suited for mere dwell- 
ing, because they are not vertical and hard to ventilate. 
Therefore, Zoophycos has traditionally been considered a 
feeding burrow. This is in accordance with field evidence. 
True Zoophycos is never found in clean, ripple-laminated 
event layers. Rather it prefers impure and structureless 
sands and muds corresponding to quiet-water paleo- 
environments, where the sediment became readily mixed 
by bioturbation. As such conditions prevail on the deep 
shelf below the reach of storm waves and above the zone 
of turbidity currents, Zoophycos may, to a certain extent, 
be used as a depth indicator (Pl. 71). But this should be 
done with care, because protected lagoonal environments 
may provide similar conditions at moderate depth. De- 
rived forms of Zoophycos have also successfully invaded 
the deepsea floor, where they survive to the present day. 
Nevertheless, no core has ever captured the tracemaker. 
The Paleozoic history of the group is somewhat con- 
fused by the presence of other spreite burrows. “Spirophy- 
ton” eifeliense (Pl. 39), for instance, superficially resembles 
Zoophycos, but it has an unlobed edge without marginal 
tube and is therefore assigned to the daedaloid burrows. 
Also confusing is the winged Zoophycos from the De- 
vonian of Southwest Libya (Murzuq Basin). First, because 
it appears in thinly laminated silts, together with plant 
debris indicating a near-shore facies. Second, each arcuate 
strip consists of very fine centrifugal cross laminae. Thus 
spreite construction proceeded away from the center as a 
sequence of bites and oblique backfills made by a defined 
head region. Third, the marginal tunnel is discontinuous. 
Rather than contouring the whole spreite, it rhythmically 
jets-out to initiate a new “wing”. This alate ichnospecies 
can be interpreted as an alectorurid burrow system, in 
which the maker avoids the marginal tunnel to become 
overly long and difficult to flush by making new entrances. 
In Southeast Libya (Kufra Basin), Devonian Zoophycos 
burrows are never winged, but describe a continuous spi- 
ral. Yet, they show the same centrifugal cross lamination 
of the spreite. Associated other burrows (Lennea schmidti, 
Pl. 45; “Spirophyton” eifeliense, Pl. 39) suggest a Middle 
Devonian age. Notably, the environment was poorly oxy- 
genated, but still reached by occasional storms. 
Ambivalent Zoophycos burrows with a continuous 
marginal tube appear in impure and highly bioturbated 
(“churned”) sandstones from the Ordovician on (Cam- 
brian occurrences are questionable; Pl. 39). Shown here 
is a specimen from the Upper Carboniferous of Austria. 
Morphologies of this type are little different from those 
in the shallowmarine lineage of the next plate. 
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۷۱۱۰ Burrows of Stripminers 


Plate 38 
Post-Paleozoic Zoophycos 


After the Paleozoic, the shallowmarine (shelf) lineage of 
Zoophycos continues into the Triassic and Jurassic with 
little change in shapes and habitats (b, c). Only in the 
Upper Cretaceous chalks do they develop multistory 
structures whose preservation is sometimes enhanced 
by selective chertification. To my knowledge, no Zoo- 
phycos has ever been found in shallowmarine deposits 
of Cenozoic age. 

More complex burrowing programs developed in con- 
nection with an onshore/offshore shift. In the relatively 
deep “Grés a Cancellophycus” (the name is another jun- 
ior synonym of Zoophycos) of the Middle Jurassic in 
southern France (d) there is an abundance of burrows. 
They differ from coeval forms in shallower facies of 
southern Germany (c) by that the sigmoidal (asterisk) 
secondary lamination resembles the Libyan forms 
(Pl. 37), but now with a systematically centripetal se- 
quence. There is also a strong tendency for the whole 
spreite to proceed in a flat spiral, whose later turn passes 
on top of the earlier one. As such a spiral might eventu- 
ally intersect the outer limb of a U-shaped marginal tube, 
French workers suggested that the spiral spreite origi- 
nated by midway extension of a dead-end vertical tube. 
If one gives up the idea of continuous ventilation, this 
argument is irrelevant. 

The real conquest of deepsea floors appears to have 
happened in the Cretaceous. In the corresponding flysch 
facies, Zoophycos appears in two versions. One group 
penetrates the sediment in multi-storied spirals, with the 
slightly conical turns often proceeding in lobate rhythms 
at lower levels (e). In another form found together with 
Scolicia zumayensis (Pl. 26d), such narrow lobes grew 
into large arrays resembling staghorns. In the figured 
specimen (f) all lobes turn counterclockwise; but as new 
lobes originate always on the convex sides (as in lobate 
Rhizocorallium; Pl. 19), the whole system developed in a 
clockwise direction. Each lobe is also inclined, so that 
tips pass underneath other lobes. Before compaction, 
these must have been spectacular three-dimensional 
underground edifices. 

In a calcareous Eocene flysch near Florence, Italy (h) 
still larger spirals start in a lobate fashion, while mining 
proceeds sigmoidally along previous stretches in later 
parts (a). Asa result, the marginal tube is still lobate, but 
shorter than it would have been with separated lobes. 


The famous Zoophycos from the Oligocene Amuri 
Limestone of New Zealand (i) is impressive because of its 
size. While so far we dealt with structures the size of sau- 
cers or dinner plates, this form is better compared to a 
large umbrella. This seems to contradict the rule that ani- 
mals tend to miniaturize in deepsea environments. But 
this rule applies mainly to body sizes in the preturbidite 
community; burrow size may have as much to do with 
lifespan as with body size. 

In the Amuri Zoophycos, burrowing proceeded in the 
sigmoidal mode from the beginning. Nevertheless there 
is a two-stage program. The starter program is expressed 
by a steep Rhizocorallium-like spreite, in which the sec- 
ondary cross lamellae are nevertheless centrifugal. After 
having reached a certain depth, the animal switched in- 
stantaneously to the spiral program, with the proximal 
side (relative to cross-lamellar progression) of the starter 
U-tube serving as a baseline. In the following spiral part, 
each radial field was built by sigmoidal backfill lamellae 
prograding from the center to the margin. Another pro- 
gram change is expressed by individual projecting lobes 
that are made after completion of a certain rotational 
angle. These lobes not only lack the backward curvature of 
earlier forms (f, h); they also had another function: besides 
securing the real estate against competitors, they reset the 
radius of the fields, which continuously shrank due to the 
obliquity of the sigmoidal bends. After having completed 
one turn, the spreite arrived at a higher level than the 
starter spreite, but seems rarely to continue further. 

The Miocene form from Turkey (k) extended all sig- 
moidal fields into long lobes. They made the marginal 
tube virtually unflushable, so that the animal had to go to 
the entrance for breathing. Its name, Echinospira, is here 
considered as an ichnosubgenus. 

Different fabricational models have been proposed to 
explain these complex burrow systems. One of them in- 
terprets the spreite of the Amuri Zoophycos as a series of 
radial U-burrows, of which only the last was functional at 
any one time. This model is falsified by the cross-sectional 
structure ofthe spreite, which confirms a sigmoidal, rather 
than lobate, progression of the radial sectors. It has also 
been suggested that very different kinds of animals were 
responsible for different ichnospecies. But even if Zoo- 
phycos is a coherent group, we should not forget the func- 
tional problems addressed in the introduction. 

At the moment, there is no simple explanation for all 
the intricacies of Zoophycos and its evolutionary modifi- 
cations. The problem will probably stay with us for a while. 
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Plate 39 
Daedaloid Burrows 


Vertical strip mining is not restricted to U-tubes; it can 
also be executed by the lower end of a J-shaped tunnel. 
By turning around the vertical shaft, this part may de- 
velop into a spiral spreite whose three-dimensional shape 
depends on the geometry of the tube. 

The term “daedaloid” refers to Daedalus, in which this 
burrowing technique is most typically expressed. The fact 
that this ichnogenus is discussed in the next chapter 
(Pl. 44) illustrates the real dilemma of trace fossil classi- 
fication: in a fabricational sense, Daedalus should be 
grouped here, but by its fingerprints it belongs to the 
arthrophycids, in which a variety of mining techniques 
has been employed. 


“Spirophyton" eifeliense. Formally, the name Spirophyton 
is no longer available, because it was originally created 
for spiral variants of Zoophycos from the Upper Devo- 
nian of New York. “Spirophyton” eifeliense from the Lower 
and Middle Devonian of Libya, Germany and Luxem- 
bourg would much better fit this name, because it looks 
like a pinwheel firework in plan view and has many spi- 
ral turns widening towards the base. However, two fea- 
tures distinguish this form from similarly high-spired 
Rhizocorallium and Zoophycos (Pls. 19, 20 and 38). 

(1) The spiral spreite is gutter-shaped (a model could 
be used to let marbles roll down) and its margin is nei- 
ther lobate nor has it a marginal tunnel. Together with a 
protrusive structure, this geometry suggests that a dead- 
end tube in the shape of a skin-diver’s snorkel rotated 
around the vertical shaft, growing in size on the way 
down. (2) The diameter of the central shaft exceeds the 
thickness of the spreite, probably because it served for 
ventilation and housed the main part of the animal’s 
body. With up to about 20 spiral turns growing in diam- 
eter, each system probably represents the work of a life- 
time. (3) Like the coeval Libyan Zoophycos (Pl. 37), these 
burrows occur in rather shallowmarine sandstones and 
are much smaller than Zoophycos. The same is true for 
spiral spreite burrows from the Mickwitzia Sandstone 
(Lower Cambrian) of Sweden. Being still smaller than 
“Spirophyton” eifeliense, they differ from it by having a 
marginal tunnel and were therefore compared with 
Zoophycos in Sören Jensen’s marvelous monograph. On 
the other hand, the spreite lamellae are very delicate and 
there is no sign of a vertical shaft in the center. There- 
fore these burrows were more probably generated by a 
J-tunnel, but one in which the curved part was horizon- 


tally deflected, so that it could strip-mine the interface 
with the underlying mud. As the coil became at the same 
time wider, it resembles the outline of an involute am- 
monite shell. 

The spiral spreite burrows from the Miocene of Ja- 
pan, in which Kotake found faecal pellets derived from 
an ash layer on top may also belong into this group. In 
contrast to Zoophycos they have no marginal tube, while 
the diameter of the central shaft by far exceeds the thick- 
ness of the spreite. The sideritized burrow from a Mi- 
ocene flysch of Borneo corresponds in principle to S. ei- 
feliense, only that the generating tube was relatively wider. 
It was found together with a teichichnoid shrimp bur- 
row (Pl. 18) and Cycloichnus (Pl. 48). 

A very strange spreite burrow was found by H. Hélder 
(pers. comm.) in Upper Jurassic pelagic limestones of 
southern France. From outside it looks like a giant high- 
spired gastropod shell, but sections show the typical 
meniscate backfill structure. Had this burrow been found 
in shallowmarine sandstones of the Lower Ordovician, 
it would have been called Daedalus desglandei (Pl. 44), 
but in view of the difference in age and facies, the mak- 
ers of the two were certainly unrelated. So the question 
is again whether they should be grouped in the same 
ichnogenus and thereby confuse stratigraphers? 

The diagram compares the fabricational modes of 
spreite formation. More modifications are represented 
among Ordovician and Silurian arthrophycids (Chap. IX). 

For lack of a better place, a very distinctive trace fos- 
sil, Paradictyodora, is added here. It has been indepen- 
dently discovered (and named) in the Cretaceous of Ant- 
arctica and in the Tertiary of Southern Italy. Had speci- 
mens not been found in situ, one might have oriented 
them upside-down in the manner of daedaloids. The 
surface of the figured concretion also shows that the tube 
generating this spreite moved in meanders rather than a 
spiral. In a fabricational sense, this structure might be 
compared to Dictyodora (Pls. 28, 29), only that the body 
of the animal at depth remained stationary, while the 
snorkel on top made the meandering excursions. The 
idea that the tracemaker was a burrowing bivalve is con- 
vincing, because smaller modern tellinids (e.g., Macoma) 
in fact swing their inhaling siphons around to scan the 
sediment surface for small food particles. It would be 
nice to find a shell of the producer in connection with 
Paradictyodora. A detailed study of modern representa- 
tives could be even more interesting, because it might 
tell us how long snorkels managed to cut through the 
sediment in other molluscan trace fossils, such as 
Psammichnites gigas (Pl. 27) and Dictyodora (Pl. 28). 
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Plate 40 
Lophocteniids 


Whereas the trace fossils shown on the previous plate 
share a certain burrowing technique rather than kinship, 
the lophocteniids (as here defined) are a more homoge- 
neous group, characterized by a very distinctive kind of 
horizontal stripmining. So far we have only considered a 
generating tube that opened to the sediment surface at 
one or at both ends. Accordingly the backfill was gener- 
ally transversal, even though backstuffing oblique to the 
body axis has been involved in the sigmoidal subprogram 
of some Zoophycos (Pls. 37, 38). 

Lophoctenium and Phycosiphon have a clearly offset 
marginal string surrounding the strip-mined area. Still it 
would be misleading to call it a “generating tube”, because 
its course is an outcome of the burrowing activity rather 
than its determinant. It is not even likely to have been 
used for ventilation and may just as well represent a termi- 
nal backfill behind the tail. In fact, cases in which earlier 
parts of the same marginal tunnel are intersected by later 
ones (B) speak against an open connection with the sur- 
face. Nevertheless, comparison with structures and behav- 
ior patterns in alectorurids is fruitful by way of analogy. 

Lophocteniids may also be used as a counterexample 
for the celebrated onshore-offshore trend in ecological 
evolution. If we believe the fossil record and the kinship 
here proposed, the first Lophoctenium occurs in an Or- 
dovician flysch of Portugal (where it is associated with 
Oldhamia; Pl. 49) and the first Phycosiphon comes from 
a similar turbidite facies in the Devonian. Yet it is only in 
the Jurassic that Phycosiphon appears also in shallow- 
marine sands and silts. 


Phycosiphon. The most obvious feature of Phycosiphon, 
whether preserved as epirelief or on split bedding sur- 
faces, is its marginal tube. Being hairpin-shaped, indi- 
vidual lobes look like minute Rhizocorallium, while larger 
arrays may resemble meandering burrows (A). The dif- 
ference becomes clear when the spreite is preserved. Its 
lamellae do not fully contour the lobe, but are asymptotic 
to the marginal tunnel on the concave side of the lobe and 
discordant on the other (B). Sometimes (C) the spreite 
lamellae even protrude beyond the marginal burrow on 
the convex side of the lobe. Thus the spreite was formed by 
protrusion of a wormlike animal bent like a “J”. By this very 
process the lobes always come to turn backwards. At the 
distal end of each lobe, spreite construction was discontin- 
ued and the animal returned head-on in the opposite di- 
rection. While doing so, it more or less contoured the spreite 
just made and then turned to the side to start a new lobe. 
Spreite construction may also proceed in series without 
turnbacks, as shown by the specimen from Kentucky. 

In more complex systems (A, B), all spreiten are still 
made on the same side of the marginal burrow (either 


right or left) and eventually bend back towards the ori- 
gin. At the tips, the spreite lobes swing around without 
changing their backward curvature. 

By learning this program ourselves, we can produce 
virtual Phycosiphon systems on paper. This exercise makes 
us aware of another necessary instruction: after the ter- 
minal swing-around, the distance from the previous tun- 
nel must be sensed without direct guidance by a free 
spreite edge. Probably it was the same sensor that controlled 
distancing of the return tube in every lobe. The length of 
individual spreite lobes seems to be limited as well. Had 
this anything to do with body length; i.e. can these lobes 
be considered as phantoms of a wormlike animal? 

With regard to the function of the marginal tube, sev- 
eral details suggest that it became actively backfilled 
rather than remaining open. (1) It is filled with finer ma- 
terial than the surrounding sediment- similar to the faecal 
string in associated Helmithoida burrows (PI. 34). (2) The 
accidental intersection with an earlier part of the tube 
(asterisk in B) would have obstructed connection with the 
surface. (3) When cutting across fine silt/mud laminae 
(Anconichnus preservation in “paper shales”), the two 
tubes have opposite reliefs, resembling the backfill phan- 
toms discussed in Pl. 28. 

In summary, Phycosiphon is perceived as the work of a 
small wormlike bulldozer that moved more or less hori- 
zontally through the sediment without an obvious con- 
nection to the sediment surface. Being able to periodi- 
cally discontinue spreite production with the laterally bent 
front end, it could strip-mine a given surface with some 
efficiency, but not without leaving areas unused between 
the radiating spreite lobes. 


Lophoctenium. In a strictly morphological categorization, 
Phycosiphon and Lophoctenium would certainly fall into 
different groups: an open meshwork of spreite lobes in 
the first and gapless spreite mosaics in the second 
ichnogenus. In a fabricational sense, however, the basic 
procedure appears to be the same in both cases: discon- 
tinuous stripmining by a head end turned to one side. 
The morphological difference between the two 
ichnogenera is probably due to a minor behavioral change. 
The Phycosiphon animal made its bites and the bite series 
freely and was controlled by a kind of internal clock. It 
then returned to the base head-on in a sharp turn before 
beginning a new bite series. The Lophoctenium maker, in 
contrast, was guided by contact with previous elements 
at every step and returned to the base by backing up rather 
than moving on in a hairpin curve, before starting a new 
bite series. As in meanders, increasingly external guid- 
ance allows for more effective utilization of an available 
area, but it also results in greater variability. On the other 
hand, the method used by Lophoctenium allowed for 
higher orders of behavioral complexity that allow us dis- 
tinguish various ichnospecies. These are as yet unnamed, > 
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Lophoctenium comosum being the most representative 
ichnospecies name. Better distinction may also allow 
ichnostratigraphic application. 

Before discussing the figured examples, we also need 
to understand the preservation of Lophoctenium. It nor- 
mally occurs on turbidite soles in the form of positive 
hyporeliefs, but it can also break off, leaving a negative 
hyporelief of the spreite’s upper surface. This clearly shows 
that Lophoctenium is a member of the post-turbidite com- 
munity (Pl. 72). It may also be found on split laminae 
within a turbidite. This allows to compare different levels 
of the same system, as in the Permian example. An un- 
usual kind of preservation is on top of sandy turbidites 
(Oklahoma example). In this case, analysis is complicated 
by the geopetal asymmetry of the backfill (Pl. 37) and by 
the tendency of our eye to overemphasize protruding 
structures. To overcome the latter problem, it is useful to 
analyze rubber casts instead of the original specimens. 

Let us begin programs with the small form from the 
Upper Carboniferous of Kentucky. Like Phycosiphon, it 
consists of distinct bite series, but these are serially ar- 
ranged and there is no marginal tube on the convex sides 
of the spreite lobes. 

In a similarly small Silurian Lophoctenium from Ar- 
gentina, spreite construction continued after completion 
of one series, so that each lobe contains two spreiten pro- 
truding in opposite directions. In the return stack of each 
lobe, probes tend to be longer and less curbed. This, how- 
ever is an effect of the new reference frame: instead of 
stopping after having reached a certain length (as in 
Phycosiphon and on the way out), bite series continue until 
they collide with the outgoing stack. The behavioral switch 
was induced by the turn at the end of each lobe. As can be 
seen in the first and second lobe, transition to the next lobe 
is continuous and automatic: as soon as the contact with 
the previous outgoing stack is lost, the length of the bite 
series becomes again controlled by an internal command. 
Because of the larger size and perfect preservation, one 
can also recognize oblique bitelets within the arcuate 
probes, which cannot be seen in Phycosiphon. They attest 
for a centripetal construction (see Zoophycos, Pl. 38). 

In the next specimen (top surface from an Upper Carboni- 
ferous flysch in the Ouachita Mountains, Oklahoma), the 
program is very similar to the one just discussed, but only as 
far as the outgoing stacks are concerned. The difference lies 
in the return stacks, where contact is not maintained by col- 
lision, but by contouring. This allows for larger spreite ar- 
eas, greater flexibility and a more effective utilization of the 
reentrants between lobes. Also the system becomes much 
larger and probably continued spirally into a lower level. 

The fourth example, based on a single fragment found 
by Rudolf Höllin a Devonian flysch on Chios, Greece is still 
more complex. It has no radiating lobes. Instead, subsequent 
bite series form a mosaic of leaflike arrays. Using the same 
terminology as in the lobate forms, already the outgoing 


stack (here actually ingoing) keeps contact with preceding 
leaf. This can alternatively be done by collision or by con- 
touring. But for making the return stack, the animal did 
not turn around in a sharp curve, as in the lobed forms. 
Rather it continued to contour the previous probes, but with- 
drew the body step by step before adding a new bite series 
in the “regressive” sequence. This means that the program 
controlled not only the lengths of the leaves, but also the 
length of the bite series in the return stack. It is a tempting 
thought that the basic measure stick was the animals’s own 
body. If this is the case, body length was at least equal to 
maximum leaf length, because the tail region would prob- 
ably have remained in the part that eventually became the 
marginal tube (or the toilet) to the whole system. 

Having integrated the leaves, the maker of the Greek 
Lophoctenium could proceed by employing the same strat- 
egy (that produced lobes at a lower level of the behav- 
ioral hierarchy) in the Ouachita form: as shown by the 
opposing leaves (where bite lamination has been left out 
to be completed by you!), the animal turned around to 
add a return stack of leaves from the other side. It is left 
to our imagination, how this complexity went on in more 
complete systems. Perhaps the superlobes were them- 
selves elements of spiral arrays, which extended into 
deeper levels? The answer can only be found in Chios. 

Our last example, collected by the late Simon Muller, 
comes from a Permian flysch in an exotic terrane of Cali- 
fornia. It proves the existence of multi-floor Lophoctenium 
spirals, because the only available specimen could be split 
at several levels. On all four bedding planes (of which only 
three are shown) there are Lophoctenium systems spiral- 
ing in the same sense and around more or less correspond- 
ing centers. So they are probably parts of the same edifice. 
Even more interesting in the present context is the program. 
Following an evolutionary prejudice, we might have ex- 
pected an increase in behavioral complexity compared to 
the Devonian form, but instead there is an apparent sim- 
plification. In most of the leaves, the outgoing stack is 
reduced to one contouring bite series of indefinite length. 
It provided a base for the tremendously enlarged regres- 
sive stack, in which uniform lengths of the series guaran- 
teed an unusually smooth reference front for the next leaf. 

If we trust the relationship between leaf and body 
lengths, the maker of the Permian form was very long. It 
may also be considered as more advanced, because the 
reduced rigor of its behavioral program (there is no clear 
marginal tube to be seen) allowed it to effectively cover 
large areas and to expand its strip mining to deeper bed- 
ding planes in a continuous spiral. 

To our knowledge, Lophoctenium did not survive the 
end-Permian extinction. Its last appearance is on 
tectonized turbidite soles near the southern tip of New 
Zealand. What has formerly been quoted as a later repre- 
sentative (Criophycus, Pl. 48) is a homeomorph with a 
different program and different preservation. 
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Plate 41 
Teichichnid Burrows 
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Arthrophycids II 


Plate 44 
Arthrophycids III 


Plate 45 
Arthrophycids IV 


rthrophycids, like lophocteniids, are a kind of taxonomic island in a sea of 

homeless worm burrows. In their case, however, the principal shared charac- 
ter is not feeding behavior, but a distinctive kind of fingerprints. They consist of 
evenly spaced transverse rings that are discontinuous and thereby produce longi- 
tudinal rows of prominent knobs. Two such rows can be seen on the exposed side 
of each tunnel cast, but two more rows must be assumed on the other side to 
account for the squarish cross section. In addition to these knobs, there is a much 
more delicate kind of ornamentation (Pİ. 42, top right) that can only be seen in 
large and exceptionally well preserved burrows. It consists of a very fine trans- 
verse lineation reminiscent of wrinkles in a flexible cuticle. So we may imagine 
the maker as a very large wormlike animal (burrows reach the diameter of a fin- 
ger, but the transverse backfill provides no phantoms of body length) with a flex- 
ible cuticle and parapodial protuberances. No matter how different the burrow 
systems may look from one ichnospecies to the other, these fingerprints signal a 
taxonomically coherent group of burrowers, which nevertheless cannot be affili- 
ated to an established animal order, class, or phylum. 

The second characteristic of arthrophycid burrows is their tendency to pro- 
duce transversal backfill structures (Pl. 37), but in contrast to the burrows treated 
in the previous chapter, the backfill consists only of sand and proceeds mostly in 
a vertical plane. 

Thirdly, the tube generating the spreite bodies ended blindly, even if shapes 
are reminiscent of rhizocoralliid U-burrows (Pls. 19, 20). 

Such taxonomic coherence is the prerequisite for the biostratigraphic use of 
trace fossils, because it reduces the noise caused by behavioral convergence in 
unrelated groups of animals and brings us closer to an evolutionary measuring 
stick. In fact, arthrophycids have been successfully used to correlate otherwise 
unfossiliferous sandstones in now separated fragments of the old Gondwana con- 
tinent. As yet, arthrophycids provide a lower stratigraphic resolution than asso- 
ciated trilobite burrows (Chap. XIV). On the other hand, the larvae of their mak- 
ers seem to have had less difficulty in crossing oceanic barriers. So there is a good 
chance that a scheme established in Gondwana can also be used in shallowmarine 
sandstones on other paleocontinents, such as Laurentia and vice versa. In the 
following plates we shall first discuss unrelated teichichnoid burrows of various 
ages and then proceed to true Ordovician and Silurian arthrophycids. 
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Plate 41 
Teichichnid Burrows 


In connection with tunnel systems made by crustaceans 
(Pl. 18), we have already encountered teichichnid con- 
structions characterized by transversal backfill structures 
that are not evenly draped between the two shafts of a 
U-tube. Rather they were generated by J-tubes, very shal- 
low U-tubes, or only in a limited stretch of an undefined 
tunnel system. Most of them have a retrusive backfill 
structure. 

Teichichnus rectus from the Cambrian of Pakistan and 
elsewhere is not only the type species, but also the con- 
structional prototype of the ichnogenus. Because of simi- 
lar size (about the diameter of a finger) and simplicity, 
its relationship to Trichophycus (Pl. 17) is questionable 
due to the lack of scratch patterns. 

Teichichnus palmatus increased mining efficiency by 
including multiple retrusive spreite bodies in fan-shaped 
bundles. Their arrangement is radial in Teichichnus 
stellatus, which is similar to Brooksella and Dactyloidites 
(Pl. 47). As all these forms occur in the Cambrian, they 
may be preservational variants of the same basic burrow 
architectures; but without more personalized fingerprints 
they are also hard to distinguish from similar, probably 
convergent forms in later periods. 

Teichichnus spiralis from a Lower Jurassic sandstone 
in southern Germany should be mentioned, although it 
is represented only by a single loose specimen and has 
not yet been formally described. In median section it 
looks like two closely adjoined spreite bodies of stan- 
dard Teichichnus, but in reality the gutter-like backfill 
lamellae are tight spirals! As such a structure could not 
have been produced by displacement of a corkscrew tun- 
nel (e.g., Gyrolithes, Pl. 18), the generating tube is here 
reconstructed as a vertical shaft whose lower end was 
bent into a horizontal half coil and rotated during up- 
ward displacement. More specimens with known orien- 
tations would help in finding a more reasonable expla- 
nation. 

While the previous examples were found in sandstones, 
the following two forms have been described from Upper 
Cretaceous chalks of North America. The name of the first 
one (Teichichnus zigzag) is descriptively appropriate, but 
in vertical section the spreite not only zigzags, but also 
changes width in the same rhythm. As the terminal tun- 
nel is disproportionately narrow, one could assume that 
its upward course is meandering in cross-sectional view. 
Alternatively, the backfill could be partly radial (Pl. 37), 
if the animal was able to inflate its body. 

The second Cretaceous ichnospecies (Teichichnus 
sigmoidalis) touches on the question of how spreite for- 
mation is triggered. In rhizocoralliid burrows (Pl. 19), 
the cue is the local curvature of the U as sensed by body 


flexure. Alectorurid makers use the same signal or in- 
troduce their own sigmoidal subprogram (Pl. 38). In 
Teichichnus rectus, the whole tunnel appears to have been 
upwardly displaced. But how can spreite formation be 
induced in only a section of a long horizontal tunnel? 
The maker of Teichichnus sigmoidalis found the trick: 
plan an upward kink in the original tunnel and shave 
until it is evened out! 

That similar trace patterns must not always relate to simi- 
lar behavior is shown by sigmoidal variants of Syringo- 
morpha nilssoni found in Cambrian sandstones of Swe- 
den and Argentina. Its wing-shaped spreite, only a milli- 
meter or so in thickness, is peculiar in several respects. 
(1) In cross section it is perfectly vertical to the bedding 
plane, but steeply inclined in lateral view; (2) it does not 
consist of gutter-shaped backfill lamellae, but of almost 
cylindrical rods of sand, so that fragments look like a minute 
pan-pipe (hence the Latin name); (3) nevertheless, inden- 
tations seen in cross section show clearly that the spreite 
was made in a retrusive mode, i.e. opposite to Teichichnus 
sigmoidalis (above) and Daedalus (Pl. 44). This means that 
the sigmoidal kink resulted from the spreite construction 
rather than inducing it. I formerly thought that the gen- 
erating tube of Syringomorpha was U-shaped, but more 
likely it was dead-ended and its basal bend served mainly 
as a starter for the construction of the spreite. 

Only because there is no better place for it, Heliochone 
is mentioned in the present context. It is equally remark- 
able for its size (up to 50 cm), its paleoenvironment (black 
shale facies of the Lower Devonian Hunsrück Slates of 
Germany), and its unique architecture. The bedding 
plane expression of this spectacular fossil (ring with rays) 
looks mysterious, except for a meniscate backfill struc- 
ture in the radial sections. Only serial grinding (stereo 
pair of a glass model) revealed the three-dimensional 
structure shown in the reconstruction, which assumes a 
generating tube consisting of a basal ring with equally 
spaced vertical exits. The isometric enlargement and 
deepening of this tunnel system accounts for the ob- 
served backfill bodies (all protrusive): a cone left behind 
by the ring tube and radial spokes corresponding to the 
vertical shafts. Since the original description, more com- 
plete specimens of Heliochone have been found, but not 
serially sectioned. In one of them the central ring is open, 
so that some spirality may be involved. Speculating about 
the function of such an underground labyrinth, one is 
reminded of deepsea graphoglyptids (Pl. 54), whose com- 
plex horizontal tunnel systems probably serve as bacte- 
rial gardens, while the large number of exits allows for 
passive ventilation by diffusion. The Hunsrück Slate sedi- 
ments were certainly not deposited in the deepsea, but 
they contained enough H,S to make such a strategy fea- 
sible. A similar burrow has been found in a Lower Cam- 
brian turbidite sequence in Argentina (Pl. 65). 
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Plate 42 
Arthrophycids | 


After having explored similar burrow architectures made 
by unrelated kinds of animals, we can now focus on the 
proper arthrophycids, including the established ichnogenera 
Arthrophycus, Daedalus and Phycodes, that may be of 
stratigraphic use in otherwise unfossiliferous Ordovician 
and Silurian sandstones. 

We begin with the simplest form, Arthrophycus lin- 
earis. Such strings would normally be attributed to 
Repichnia (Pl. 31) or to head-on bulldozers. Yet, the typi- 
cal arthrophycid fingerprints (see introduction) link 
them with much more complex burrow systems, which 
are here treated as different ichnospecies of the same 
ichnogenus (see below). Polished cross sections also re- 
veal that hyporeliefs are neither open nor terminally 
backfilled tunnels, but result from an oblique displace- 
ment similar to that inferred for Gyrochorte (PL 35). But 
the teichichnoid structure seen in vertical section is pro- 
trusive (as predicted by the Gyrochorte model) only in 
forms from Jordan and Benin (note places where the fill- 
ing of the terminal tunnel broke off). Both occur in sand- 
stones that can be dated as Middle to Upper Ordovician 
by associated Cruziana ichnospecies (Pl. 68). In all other 
occurrences (including those in the Lower Ordovician 
of southern Algeria and the Kufra Basin, Libya) the lin- 
ear Arthrophycus strings have a retrusive structure, sug- 


m Arthrophycus linearis (L. Sil., Rochester, N.Y.) 


gesting that the animals burrowed along in a head-down 
position. In the hope that this difference will be strati- 
graphically useful and because the two variants may have 
given rise to different kinds of more complex feeding 
burrows, they are distinguished at the ichnosubspecies 
level. Large burrows of this type may show minute trans- 
verse wrinkles in addition to the typical arthrophycid 
segments (upper right, from Rochester, New York). 

While the ichnosubspecies A. linearis protrusiva is 
strictly linear, A. linearis linearis occasionally splits 
bush-like at very small angles. These unilateral branches, 
however, look more like the fannings of Gyrochorte 
(Pl. 35) than intentional programs. This mode of branch- 
ing became dominant in the Lower Silurian Arthro- 
phycus alleghaniensis (also known as the junior syn- 
onym Harlania harlani), which is common in North 
Africa, but has also been found in Argentina and the 
eastern United States. Projecting from the sole faces of 
sandstone beds, these palmate burrow systems look 
like bundles of retrusive U-burrows, but in reality the 
generating tube was J-shaped as in other arthrophycids. 
Note also that - as in the palmate trilobite burrows of 
similar age and occurrence (Pl. 15) - the backfill was 
introduced from the sand bed on top, while the dug- 
out mud must have been exported to the surface. In con- 
trast to Cruziana ancora, however, not all branches radi- 
ate from one point, but tend to form smaller bundles 
within the larger ones. 
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Plate 43 
Arthrophycids II 


It is quite possible that different programs can in the fu- 
ture be distinguished among palmate variants of Arthro- 
phycus that look similar at first glance. One such variant 
is Arthrophycus lateralis, which has so far been only rec- 
ognized at a single locality (Tacharchuri Pass, southwest- 
ern Libya). Complete systems look almost like palmate 
Arthrophycus alleghaniensis, except that all branches 
bend to one side rather than radiating on two sides of a 
median axis. Cross sections reveal, however, a completely 
different burrowing program: (1) the stacks of crescentic 
backfill lamellae are horizontal rather than vertical; 
(2) relative to the curvature of the branches in plan view, 
the spreite structure is protrusive rather than retrusive; 
(3) as shown by intersecting relationships, multiple hori- 
zontal stacks were produced in an upward succession, 
possibly in response to sedimentation; (4) minor verti- 
cal excursions within one stack are expressed by second- 
ary lamellae in a retrusive mode. 

Unfortunately, the internal structure cannot always be 
seen as clearly as in the well weathered and iron-stained 
specimens of A. lateralis. Nevertheless it is this kind of 
evidence that may allow future distinction of different 
programs for a better stratigraphic resolution. 


Daedalus. This ichnogenus, whose name refers to the 
wings of the father of Icarus in Greek mythology, is allied 
to Arthrophycus in various respects. It resembles Arthro- 
phycus not only by similar size, with tube diameters 
ranging from those of a pencil to the thickness of a finger. 
Daedalus also has the same stratigraphic range (Ordo- 
vician-Silurian) and occurs in similar kinds of shallow- 
marine sandstones. Most importantly, however, there are 
the same transverse ridges as in Arthrophycus, even 


m 
Arthrophycus alleghaniensis 
(Sil., Chad) 


though such fingerprints are less commonly recognizable 
on broken surfaces than at the interface between sand 
and mud. 

The diagnostic differences from Arthrophycus are (1) a 
single protrusive spreite body made by a steeply inclined 
J-burrow; (2) the tendency (except in Daedalus verticalis) 
to proceed in a spiral. 

We start with the non-spiral Daedalus verticalis from 
the Lower Silurian Medina Sandstone of New York, be- 
cause it could be mistaken for the hairpin burrows of 
Diplocraterion (Pl. 18). Yet it differs by being perpendicu- 
lar only in cross section, while the spreite lamellae are 
slightly inclined in lateral view. This relates to the J-shape 
of the generating tube, which is not always obvious on 
split surfaces. Only a highly polished horizontal section 
through the same specimen revealed the basic asymme- 
try: the spreite is widest on the steeper side and continu- 
ously tapers away from it. If burrowing was done by the 
head end, this would mean that the front part of the body 
tapered accordingly. A variant of Daedalus verticalis from 
the Sierra de la Ventana (Argentina) has giant spreite 
bodies that extend up to 40 cm horizontally and 70 cm 
vertically. In order to minimize intersection, the crowded 
burrows at this locality have the same azimuth, so that 
the sandstone breaks accordingly. Tube diameters are 
also large enough for the typical arthrophycid corruga- 
tion to be preserved. 

In a large Arthrophycus slab from the Lower Silurian 
of New York (Yale Peabody Museum) a Daedalus verti- 
calis reached the sole of the sandstone bed. But instead 
of continuing to burrow vertically, it followed the inter- 
face half a meter. In this unusual topology the typical 
arthrophycid fingerprints are clearly expressed. In ad- 
dition, the now flat-lying spreite describes a curve, be- 
cause the trace maker was no more guided by the gravi- 
tational compass, but by the bedding plane. 
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Plate 44 
Arthrophycids III 


In this plate we discuss the more typical ichnospecies of 
Daedalus, in which the spreite forms a spiral cone. In 
order to understand the kinematics of these structures, 
we might imagine the trace of an elastic stick being 
moved through soft sediment around a point fixed at the 
surface. Itstip at depth would be automatically bent back- 
wards and a stroboscopic X-ray picture of sequential 
positions would resemble the three-dimensional Daeda- 
lus structure. The actual worm, of course, cut its way 
through the sediment in a different manner - either by 
shoveling material from the ventral to the dorsal side of 
the body (as in Gyrochorte; Pl. 35) or, more probably, by 
constantly shaving away the convex side of an open tun- 
nel (as in Zoophycos; Pl. 38). Either mode would result 
in the observed protrusive backfill structure. Yet, the 
lower part of the burrow did not lead in the transversal 
motion (as it does in Dictyodora; Pl. 29), but lagged pas- 
sively behind. So we are again faced with the question 
whether the head or the tail end of the animal was lo- 
cated at the lower tip of the burrow? 

Equally problematic is the biological function of these 
burrows. While the hypichnial Arthrophycus (Pl. 42) 
removed mud and replaced it by sand, the grain size 
of the Daedalus spreite appears to correspond to that 
of the sandy matrix. Moreover, the host rock is com- 
monly a very clean quartzite. So one wonders: could this 
sand yield enough food to warrant such an expensive 
activity? 

Three ichnospecies are distinguished in the Lower 
Ordovician (“Armorican”) quartzites of France, Spain, 
Iraq, Oman and Antarctica. The spreite of Daedalus halli 
is only about 2 mm thick, but may penetrate half a meter 
deep. Its intersection with successive bedding planes 
looks like a worm trail that originally received a differ- 
ent name (Humilis preservation). The generating tube 
was also very steep and straighter than in Daedalus 
labechei, where the tube diameter is large enough to oc- 
casionally preserve the typical arthrophycid annulation 
(Oman Mountains near Muscat). Daedalus desglandi al- 
most looks like a giant and very high-spired gastropod 
shell, because it is tightly coiled and the lower end of the 
generating tube - now itself slightly helicospiral - was 
bent towards the coiling axis (see diagram in Pl. 39). As 
seen in cross and longitudinal sections, the lower mar- 
gin of the spreite is regularly intersected by the subse- 
quent coil. This would have been fatal had there been a 
marginal tunnel as in a spiral rhizocoralliid (Pl. 20), but 
not with a J-tube. 

A tightly coiled protrusive spreite and a helicoidal 
generating tube are also typical for Daedalus archimedes. 
It is common in thicker beds of the Medina sandstones 
(Lower Silurian of upstate New York), where Arthrophy- 


cus linearis (Pl. 42) is found in thinner beds. Because the 
J-tube was not bent inward, the marginal spiral could 
change from steeply (left) to gently descending (middle), 
or even ascending (right), according to sedimentation 
rate. As seen in bottom views (middle level), younger coils 
of the spreite often intersect older ones, which would have 
cut off ventilation had there been a marginal tube. Note 
also that the bottom surfaces fail to show the arthrophy- 
cid corrugations. This is because the animal never 
touched or penetrated the interface with the underlying 
mud, which was essential in the preservation of Arthro- 
phycus. Nevertheless, the typical fingerprints can occa- 
sionally be seen on the flanks of the spreite body. 


m Daedalus archimedes (L. Sil., Rochester, N.Y.) 
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Plate 45 
Arthrophycids IV 


While other Daedalus burrows consist of a single verti- 
cal or spiral spreite body, the maker of Daedalus multi- 
plex from the Middle Ordovician introduced the new el- 
ement of branching into its behavioral program. The 
three-dimensional reconstruction of a complete burrow 
system has been possible only because preservation dif- 
fers in the two known occurrences. 

In southwestern Libya, where the two photos were 
taken, the burrows are seen on vertical fractures through 
massive sandstone beds. They look like tufts of roots that 
radiate steeply down from a central stem. Closer exami- 
nation, however, reveals vertical spreite bodies with a 
protrusive cross-sectional structure. 

In Saudi Arabia, sandstones of similar age are weath- 
ered from the top, so that the burrow systems can be seen 
in horizontal section. In this aspect they look like a spi- 
ral nebula, in which up to seven curved branches radiate 
from a common center. 

The program of Daedalus multiplex, being more com- 
plex than that of other Daedalus ichnospecies, allowed a 
given volume of sediment to be exploited without inter- 
sections. Yet it is uncertain whether the generating tube 
was a simple J that made one wing after another, or 
whether the radial branches remained open, so that all 
the wings could be deepened in concert. 


Phycodes. In this ichnogenus we return to the morphospace 
and the preservational mode of Arthrophycus (Pls. 42,43), 
ie. the burrow systems are found as sand bodies at the 
bases of sandstone beds rather than within them. The 
distinction between the two ichnogenera is mainly based 
on size. While diameters of the generating tube are in the 
range of our fingers in Arthrophycus, they reach only a 
few millimeters in Phycodes. There is also a separation in 
time. While Phycodes appears to be restricted to the 
Ordovician, the behavioral radiation of Arthrophycus 
occurred in the Silurian. 

In this context, a taxonomic clarification is in place. 
In earlier years 1 distinguished ichnogenera mainly on 
the basis of behavior. This means that heterogeneous 
forms of quite different ages were included in Phycodes 
just because they had similar modes of branching. 
Among these homeomorphs was “Phycodes” pedum, 
which later became important for defining the Precam- 
brian/Cambrian boundary. It is now referred to Treptichnus 
(Pl. 64), while the affiliation of palmate probings with- 
out true spreite (“Phycodes” palmatum) remains in limbo. 


We begin our discussion with the type ichnospecies, 
Phycodes circinatum, whose name is derived from the 
resemblance to seaweed and to the old-fashioned brooms 
on which witches ride through the air. It occurs in high 
relief on the soles of thin-bedded sands and silts in the 
Lower Ordovician of Germany, France, Iraq and North 
America - i.e. again on different paleocontinents. Cross 
sections reveal that the bundles of smoothly curved bur- 
rows seen in bottom view are actually the bases of closely 
packed vertical spreite bodies consisting of retrusive 
backfill lamellae. So Phycodes circinatum looks like a 
smaller version of Arthrophycus alleghaniensis (Pl. 42). 
Even the transversal lineation seen on the surface (en- 
larged small block) might be interpreted as an arthro- 
phycid fingerprint. It is less clear whether the generat- 
ing tube was J- or U-shaped. 

This question becomes critical in the interpretation 
of Phycodes fusiforme from the upper part of the Lower 
Ordovician in Saudi Arabia. Here the branches are bundled 
at both ends of the system, so that it becomes difficult to 
distinguish a proximal and a distal side. Also, the spreite 
bodies radiate downward in cross section. 

Phycodes parallelum is known from the Middle Or- 
dovician of Utah and central Australia, i.e. from two 
different paleocontinents. It resembles Phycodes 
fusiforme by the lack of palmate fanning, but instead of 
being bundled at two defined ends, the retrusive spreite 
bodies are vertical and perfectly parallel to each other. 
They also form strands of indefinite lengths. Curved 
sets at the flanks suggest that these strands were made 
by progradation of teichichnoid spreite bodies that were 
themselves retrusive. So the burrowing program must 
have been more complex than in the Lower Ordovician 
ichnospecies. 

The last representative, Phycodes flabellum from the 
Upper Ordovician of Cincinnati, looks very different. 
Instead of forming vertical spreite bodies that stick out 
from the base of the sandstone bed, its maker stripmined 
the nutrient-rich layer above the interface by horizontal 
displacement of a J-shaped generating tube. Therefore 
one sees the spreite lamellae only as faint impressions 
fanning from a base tunnel in a wing-like pattern. Being 
preserved as positive hyporeliefs at the sand/mud inter- 
face, these spreite lamellae also show the delicate trans- 
verse ornamentation characteristic of Phycodes. 

In conclusion, the possibility to define arthrophycid 
burrows as a genetically coherent group allows us to 
view ichnospecies in an evolutionary context and to use 
them as guide fossils in otherwise unfossiliferous sand- 
stones. 
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Asterosomids 
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rthrophycid burrows are either made in sand or - if they penetrate into mud - 

backfilled with sand. The heterogeneous burrows assembled in this chapter 
are mainly found in muddy sediments, where they contrast in color: white in dark 
bituminous shales, dark in light-colored micritic marls and limestones. The reason is 
that they are actively backfilled with faecal material different from the host sediment. 
We speak of probers because the backfilled branches of a system are in most cases 
made head-on and blind-ended. The tendency to intensively use a given area, or vol- 
ume, of sediment with a minimum of intersections suggests that the makers were 
primarily sediment feeders. In the cases of pronounced distancing between branches 
we may also consider chemosymbiotic animals that pumped hydrogen sulfide or 
methane from the pore water. A third possibility is a sanitary function. In reality, 
however, a burrow system may have served more than one of these functions. 

This group of burrows, commonly called fucoids because of their original inter- 
pretation as marine plants (Fucus is a modern kelp), has a long history of research. 
The oldest illustration (Pl. 50) is more than 400 years old. At that time, the Lower 
Jurassic Posidonia Shales were famous not for their fossils, but as a source of sulfu- 
rous mineral water; so families from the capital used Bad Boll near Holzmaden as 
a summer resort. For their entertainment, the naturalist Johannes Bauhin published 
a tourist guide in which the animals and fossils of the region were described. This was 
obviously a success, as shown by its three editions, of which the first two (1598 and 
1600) were in Latin and the third (1602) in German. The chondritid he depicted is 
probably the earliest illustration of a trace fossil. Its legend reads: “A fissile stone 
through which run delicate veins of ash-colored clay in the process of becoming lithi- 
fied. They resemble coral trees whose branches spread in different directions. The 
human figures have been mistakenly added either by the painter or the wood cutter". 
So we deal with the eternal problem arising when scientists have their illustrations 
done by artists whose perception of a given form may be very different from our own. 

In this case we can be certain that the ichnospecies figured was Phymatoderma 
granulosa from the lower of the two burrow horizons. One of its characteristics is 
a ragged outline caused by ovoid faecal pellets, with which the burrows are backfil- 
led. This feature reminded the 16" century artist of feathered wings in a heavenly 
combat. Later, the pellets were interpreted as sporangia of seaweeds (“Algacites” 
on the label written in the 19" century by F. A. Quenstedt). 

The bituminous Posidonia Shales (Lower Jurassic) of nearby Holzmaden (south- 
ern Germany) are better known for their completely preserved vertebrate and crinoid 
skeletons. As usual in such Konservat-Lagerstaetten, the environment was largely 
hostile for benthic life. Nevertheless there are two horizons riddled with chondritid 
burrows that contrast sharply with the dark matrix by their lighter fill. Obviously 
these horizons correspond to short periods during which bottom waters were less 
anoxic, so that sulfide-tolerant species could exploit the nutrient-rich mud. Accord- 
ingly, each of these horizons preserves the original tiering with small chondritids in 
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an upper tier and larger systems (plus thalassinoid crus- 
tacean burrows) in a lower tier (Pl. 73). Yet the chondritids 
in the two benthic horizons are not the same. 


Bark Beetles 


The burrow systems of modern bark beetles may serve as 
an analog to the fossil probings because they also exploit 
a strictly two-dimensional food source, the cambium sepa- 
rating wood and bark. The female of the species figured in 
Pl. 49 starts by excavating a straight tunnel parallel to the 
wood fibers - probably without being interested in wood 
as a food source. It then lays its eggs at equal distances along 
the sides of the tunnel. As the eggs hatch, the grubs im- 
mediately start to munch their path away from the ma- 
ternal tunnel and across the supply lines of the tree, back- 
filling their own tunnels with faecal material. As the grubs 
and their tunnels widen, space becomes limiting, so that 
marginal individuals are forced to fan out their tunnels 
like spider legs. Others may end their young lives in com- 
petition with the siblings, lest they would violate the rule 
never to intrude into foreign territory. Finally the grubs 
metamorphose and start their second life as free beetles. 
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Plate 46 
Asterosomids 


The term asterosomids is again based on a certain burrow- 
ing technique rather than taxonomic relationships. It com- 
bines burrow systems in which waste material was stowed 
away in the form of radial backfills (PL 37). This means that 
the animal deposited such material in the wall of its tunnel 
and then pressed it radially out, so that the original tunnel 
diameter was maintained. In this process, the oldest and 
outermost layers of the backfill body became tensionally 
stressed and, depending on their mechanical properties, 
either became thinner or developed longitudinal cracks and 
microfaults parallel to the burrow axis. 

Halopoa imbricata from Lower and Middle Cambrian 
sandstones of Sweden and Estonia and the Devonian Lennea 
schmidti form straight or branching burrows that are preserved 
as positive epi- or hyporeliefs. They have in common that 
(1) the diameter may vary along one burrow; (2) the surface is 
ornamented by irregular longitudinal rugosities; (3) the adja- 
cent sand surface is deflected around the burrow. All these fea- 
tures relate to the deformations implied in the expansion of a 
radial backfill around the generating tube. The makers were 
either wormlike animals able to hydraulically expand their 
bodies (i.e. they had no tough cuticles), or crustacean that could 
press their smooth carapaces against the burrow wall. 

Fucusopsis, found as post-turbidite burrows on the soles 
of flysch sandstones, expresses the radial expansion by down- 
ward deflection and longitudinal cracking of the sole surface 
(another case of a shadow trace). So the tunnels were made on 
top of the interface, but it is improbable that the observed de- 
formation is only due to the initial wedging mode of penetra- 
tion. In overcrossings the burrows appear to be superimposed, 
as in Psammichnites (Pl. 27), but in a hypichnial expression. 

Radial backfill is most clearly expressed in Asterosoma 
(= Astrophycus), which occurs in shallowmarine sandstones 
of Devonian to Cretaceous ages. It differs from the previ- 
ous forms in that the sandy backfill bodies are restricted to 
delimited sections, or branches, of the tunnel system. There- 
fore they have a fusiform shape and show longitudinal mi- 
crofaults at the surface, whereas backfill laminae are con- 
centric around the generating tunnel in cross section. 

Two modes of preservation are responsible for the very 
different appearances of Asterosoma in the field. In the 
Rosselia preservation (not figured), steep backfill bodies cut 
through the upper interface of a sandstone bed. Thus we 
see their weathered cross sections with a seemingly conical 
arrangement of the laminae. In the Asterosoma preserva- 
tion, backfill bodies have a more or less horizontal axis, so 
that their full fusiform shape can be seen. 

Ichnospecies of Asterosoma (lower shaded area) can be 
distinguished by behavioral programs expressed in the ar- 
rangement of the backfill bulbs. In the type ichnospecies from 
the Upper Cretaceous of Germany (Asterosoma radiciformis), 
the wrinkled bulbs radiate atop of a vertical shaft. In a A. coxii 


found in the Devonian of northern Canada and the Carbon- 
iferous of Arkansas, they branch off from a horizontal gal- 
lery either in an alternating fashion or only on the outer sides 
of acurved master tunnel. In Jurassic forms the backfill bod- 
ies appear like flower buds along tree twigs. 

All these structures were made within the sediment. This 
is shown by the left-hand block from the Middle Jurassic of 
Germany, in which a series of Asterosoma bulbs emerges 
obliquely from a storm sand. Where the backfill body appro- 
ached the interface from below, its expansion caused exten- 
sional cracks to propagate beyond the bulb onto the adjacent 
rippled sandstone surface. As this process also disrupted a pre- 
existing Gyrochorte (PL 35), Asterosoma probably belonged 
to a deeper tier and shifted upward in response to sedimenta- 
tion. In the thicker block to the right (from the same locality), 
bulbs radiate from a vertical, once open shaft of much smaller 
diameter. Now weathered out freely, the bulbs were once sur- 
rounded by black mud. This shows that the sandy backfill 
material was actively exported from the sand bed below. 

From the size of Asterosoma it has been assumed that 
the makers were some kind of shrimp. This assumption 
could potentially be corroborated by scratch (rather than 
crack or microfault) patterns in parts of the tunnel that were 
not coated with backfill and passed into the underlying mud. 

Finally, we add here a spectacular, but unnamed, trace fossil 
that stands out by its size, preservation, and incredible regu- 
larity. Found on a top surface in a Triassic limestone, a slab 
7 m in length and 50 cm wide has been quarried and trans- 
ported to the Geology Department of the Universita la 
Sapienza in Rome (Italy), where it is now on exhibit. It is here 
informally called“ Tatzelwurm" after alegend among Bavarian 
hunters who saw a burrow, but never the mystical animal that 
made it. Not surprisingly, this giant fossil was initially inter- 
preted as the track of a large reptile. Several details, however, 
are in conflict with this interpretation. 


1. The host rock is a marine pelagic limestone that depos- 
ited at a considerable depth. 

2. The“footprints” are conical holes rather than resembling 
a toed foot. 

3. The “trackway” ends suddenly at the distal side. 

4, The supposed footsteps are connected by narrower series of 
globular chert nodules that form a racemose pattern. In ev- 
ery branch there are always five equally sized nodules be- 
tween the branching point and the next “footprint”. 


At the moment, the most reasonable explanation for this 
enigmatic fossil is that it is a giant asterosomid burrow sys- 
tem whose rigid program resembled that of Asterosoma 
ludwigae. At the end of each branch there was a steeply in- 
clined radial backfill body that has weathered out because it 
consists of different and diagenetically less cemented mate- 
rial. What induced the formation of exactly five chert nodules 
in every connecting tunnel during diagenesis is hard to un- 
derstand. Probably there was some kind of biogenic prepattern. 
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Plate 47 
Medusiform Burrows (Gyrophyllitids) 


Star-shaped trace fossils come in different versions. We 
have already discussed (Pİ. 24) asterozoan resting bur- 
rows that reflect the body shape of the maker. Another 
kind is commonly observed on tidal flats: radial scratches, 
probings, or feeding traces reflecting the utilization of 
a superficial film of algae by tube dwellers around 
the openings of their domiciles. As they are made by 
different organs in bivalves (e.g., Scrobicularia), worms 
(Nereis), and crustaceans (Uca, Ocypode, Corophium; 
Pl. 36), their distinctive shapes and sizes can be used 
by marine biologists to map animal distributions with- 
in tidal flats. However, the low fossilization potential 
of these surface features reduces their interest for the 
paleoichnologist. A third group consists of radial 
teichichnoid burrows (Pls. 41 and 45), whose probes 
are backfilled with gutterlike lamellae - in contrast to 
the radial backfill in Asterosoma radiata (Pl. 46) as a 
fourth type. 

In the present plate a fifth type of stellate burrows is 
illustrated, in which radial probings around a vertical 
shaft are stuffed with mud rather than sand and have a 
terminal rather than a transversal backfill structure 
(Pl. 37). Also, probings tend to broaden towards their 
distal ends. 

Many of these burrows have in the past been inter- 
preted as fossil medusae. We group them here as 
“gyrophyllitids” without claiming that the makers were 
taxonomically related. What unites them is a similar 
fabricational program and the ability to inflate parts of 
their body, e.g., an evertible proboscis. 

Ethologically, gyrophyllitids are feeding burrows 
(fodinichnia), but this affiliation does not exclude the 
possibility that the preserved structures had a sanitary 
function, which is still part of the nutritional cycle. 

The general appearance of gyrophyllitid burrows is 
very much influenced by preservation. In various occur- 
rences, one or two out of three distinctive preservational 
modes can be observed: 


3 


1. Negative epireliefs. Because they correspond to muddy 
backfill bodies, outlines are very sharp. Also, the pres- 
sure exerted in the backfilling action is expressed by 
the bulging morphology of the impressions and faint 
compressional wrinkles contouring them on the sur- 
rounding bedding plane; 

2. Compressed silhouettes on split bedding planes of 
mudstone, distinguished by the different color of the 
backfill; 

3. Calcareous or sideritic concretions preserving the 
three-dimensional shape of the burrow system, but 
not the internal backfill structure. 


As this is not the place for a formal revision, gyro- 
phyllitids of different geologic ages and facies are pre- 
sented under their original names (none of them created 
as ichnogenera). Many of these names can probably be 
synonymized in the future and distinguished at the 
ichnospecies level. Similar pseudofossils from the Precam- 
brian will be discussed in another context (Pls. 58, 62). 

In contrast to stellate teichichnoid burrows (Pls. 41, 
45) all forms figured in the upper three rows have in the 
center the scar of a vertical shaft, whose diameter is much 
smaller than that of the radial probes. Note also that in 
multitiered rosettes (Stelloglyphus) the probes tend to 
become longer in the upper tiers. This suggests that they 
were made in upward succession in concert with sedimen- 
tation and opposed to spiral sequences (Pİ. 48) that may 
have a similar appearance in bedding plane sections. 
Kirklandia and Palaeosemaeostoma are from shallow- 
marine units, all the others (Stelloglyphus, Gyrophyllites, 
Atollites) from flysch-like deposits. 

In the Cambrian burrows of the lower row (Brooksella, 
Dactyloidites), also described originally as medusae, the 
central shaft comes from above. Thus they resemble 
Teichichnus stellatus (Pl. 41), except that their radial 
spreite structures are protrusive rather than retrusive. In 
Brooksella, a secondary concretionary overprint added 
to the bulky medusoid appearance. Such burrows should 
not be confounded with radial pseudofossils, which shall 
be discussed in Pls. 58 and 62. 
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Plate 48 
Various Fucoids 


The burrows assembled on this plate (except Haentz- 
schelinia) are unified mainly by their occurrence in post- 
turbidite assemblages of marly Upper Cretaceous and Ter- 
tiary flysch sequences. Compared to associated Zoophycos 
(Pl. 38) and Scolicia (Pl. 26), they are relatively small. All 
can be referred to wormlike sediment feeders backfilling 
their blind probes with terminal backfill that usually ap- 
pears darker than the matrix. We shall discuss them in 
the order of their burrowing programs, which result in 
radiating, lyre-shaped, palmate or biserial arrangements 
of the probes around a central shaft connecting with the 
surface. In a broad functional sense, these fucoids are re- 
lated to the chondritids (Pl. 50). 

In line with the previous plate, we begin with the fairly 
large Cladichnus fischeri, whose probes radiate at different 
levels from a vertical shaft. In contrast to gyrophyllitids 
(Pl. 47), these probes are (1) more widely spaced; (2) sub- 
equal throughout in diameter, but unequal in length; (3) de- 
veloping lateral branches at an angle of about 30°. In this 
case, the meniscate backfill structure within the compressed 
probes is clearly seen and sometimes produces a ragged 
outline, but its retrusive structure relative to the central shaft 
faces us with a problem that applies also to chondritids 
(Pl. 50). Assuming that the probes were first excavated to 
their full lengths, the backfill can be interpreted as reworked 
or digested host sediment only if its whole volume was 
stored within the gut and then left the body. This situa- 
tion would be easier to explain in a sanitary burrow where 
probes were first made by wedging and then continuously 
filled with faecal material introduced from above. 

In Haentzschelinia (formerly decribed as Spongia ottoi 
from Cretaceous shallowmarine sandstones of Germany), 
the probes are backfilled with sand and connected with the 
surface by an oblique shaft. Therefore, branches are ar- 
ranged in a spreading palmate pattern comparable to Cru- 
ziana ancora (Pl. 15), Oldhamia antiqua (Pl. 49), Chondrites 
recurvus and Phymatoderma alcicornis (Pl. 50). While 
Haentzschelinia appears as positive epirelief, cf. Taxichnites 
is a negative epirelief on top of a vertical shaft. Its short 
secondary probelets may be made in opposite sequence on 
the two flanks of each radial probe, as in Chondrites targionii 
(Pl. 50). In contrast, the backfill bodies of Polykampton, 
from silty turbidites, form alternating wings along a hori- 
zontal trunk. As they appear feathered on broken surfaces, 
but with concentric scratches on hyporeliefs, they may be 
fabricationally compared to the “fannings” of Gyrochorte 
(Pl. 35). Halimedides fuggeri from a calcareous flysch has 
similar wings, but they are paired and terminally backfilled. 

In horizontal section, “Gyrophyllites” doblhoffi re- 
sembles a minute medusoid burrow (Pl. 47). Its termi- 
nally backfilled lobes, however, are recurved, because they 
are spirally arranged around a vertical shaft. Also in con- 


trast to Stelloglyphus (Pl. 47), lobes become larger at lower 
levels, suggesting a downward progression. 

Lyrate bifurcation is also typical for Hydrancylus from 
Italy, but its probes are broad and leaflike, so that the whole 
burrow system looks like a minute version of a lobate 
Zoophycos (Pl. 38). The specimen from Spain shows that 
the lobes are one-sided and curve back as in Phycosiphon 
(Pl. 40), being made in similar succession. That the probes 
were actually tongue-shaped rather than compactionally 
compressed, is shown by much more complex burrow sys- 
tems from the Miocene flysch of Borneo, here tentatively 
referred to Cycloichnus, which was originally described from 
horizontal sections in New Zealand. Preserved as ironstone 
concretions, they fail to show internal backfill structures, 
but radial progression is expressed as a delicate pattern of 
concentric scratches. The distinctiveness of Cycloichnus 
results from the close packing and upturning of Hydran- 
cylus-like lobes into bodies that resemble a cabbage head. 
The enlarged detail shows an individual “leaf” from the 
outer and inner side with concentric scratch patterns. 

One may also add burrow systems that look like twigs 
of a conifer (Taxichnites). Because they are so small, the 
underlying burrowing program is difficult to decipher. 
Lateral backfilling appears to have been involved and the 
generating shaft was probably a straight tunnel at a higher 
level, in which the maker retracted after having completed 
a branch, possibly in an outward succcession of bites on 
convex side and backwards on the other. This is indicated 
by asymmetric profiles of the “leaves” on opposite sides 
and their undulated connection along the midline. 

The complex search pattern of Criophycus is so similar to 
that of Lophoctenium (Pl. 40) that it has at times been syno- 
nymized with this ichnogenus. Yet, probes and probelets can 
be made on either side and are in less intimate contact with 
one another. Occuring as positive hyporelief on soles of 
sandy turbidites, Criophycus definitely belongs to the post- 
turbidite association. But it is unrelated to Lophoctenium, 
which did not survive the end-Permian extinction. 
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Plate 49 
Undermat Miners 


Most chondritid burrow systems (Pl. 50) exploit the sedi- 
ment along bedding planes - at least in their distal probes. 
But they become oblique to bedding in proximal sections 
and were presumably centered by a vertical shaft that main- 
tained an open connection with the surface. 

In contrast, the burrows shown on this plate are completely 
confined to single bedding planes and probably originated 
only a few millimeters below the sediment surface. They rep- 
resent a lifestyle that was particularly common in Precam- 
brian and Cambrian times (Chap. XIII), when deep burrow- 
ing was neither feasible (because of low oxygen levels in the 
pore water) nor required (because of low predator pressure). 
Undermat mining survived, and became more elaborate, in 
the early Phanerozoic. At the same time it became restricted 
to extreme environments that were either hostile or unat- 
tractive for other bioturbators due to low oxygen levels or 
high salinity in bottom waters. Even present-day rain puddles 
fall into this category, because they are too short-lived for 
higher animals to complete their life cycles, while they may 
do for larval stages. We shall come back to matground biota 
in Chap. XIII. Here we are only interested in behavior pat- 
terns as compared to those discussed in the previous plates. 


Eochondrites. Bark beetles come to mind when one first sees 
the figured trace fossils in the Upper Cambrian of Oman. While 
other beds in the section (mostly storm sands) teem with 
trilobite and other burrows (Pl. 14), this horizon of fine silt is 
perfectly laminated and contains no other trace fossils.So these 
sediments were deposited in a low-oxygen period, in which 
biomats could develop. Yet the similarity of Eochondrites (an 
informal name) with the excavations of bark beetles is 
misleading. Whereas the meniscate backfill lamellae of the 
grubs are convex towards the mother tunnel, those of the trace 
fossil curve in the opposite direction. Thus they present 
terminally backfilled feeding probes of the stem tunnel’s 
inhabitant rather than products of its offspring. Nevertheless 
one can say that this animal was able to sharply turn by 90° 
when making the probes. Also note that the main tunnel is at 
a somewhat lower level than the probings, which makes sense 
in an animal that grazed on the decaying zone of a microbial 
mat from below and possibly used it as an oxygen mask. 


Oldhamia. While Eochondrites was found in a shallowmarine 
sequence, Oldhamia occurs in thick turbidite sequences 
usually interpreted as deepsea sediments. We shall come 
back to the biohistoric significance of Early Cambrian 
Oldhamia ichnospecies in discussing Pİ. 62. 

Besides the facies context, the figured burrow systems 
share (1) occurrence in finely laminated (i.e. otherwise 
unbioturbated) clays and silts; (2) restriction to one bedding 
plane with only a very short exit to the surface; (3) relatively 
small size and (4) terminal backfilling. The last feature may 


not be obvious, because one usually observes only a bedding 
plane relief, but this relief may reverse on an adjacent lamina 
or on the same bedding plane, which is a proxy for backfill. 

The earliest representative (Oldhamia recta from the Late 
Precambrian Albemarle Group of North Carolina) does not 
catch the eye, because it consists of irregular bundles of 
parallel burrow fills. The earlier comparison with Syringo- 
morpha (PL 41) would in fact be appropriate if the orien- 
tational difference were disregarded. 

In Lower Cambrian flysches, burrowing programs become 
much more elaborate and more ornamental. The type ichno- 
species, Oldhamia antiqua, has the widest distribution. Its 
probes radiate from an oblique entrance like fireworks and in 
some cases several such centrifugal clusters are serially ar- 
ranged; i.e. they were successively made by the same individual. 
Oldhamia curvata is similar except for the gap in front. This 
suggests that the probes were made in centripetal succession. 

The Puncoviscana Formation of Argentina has yielded a 
number of additional ichnospecies showing a remarkable 
behavioral diversification. Oldhamia flabellata resembles the 
Precambrian form, but has a defined leaflike outline, because 
probes converge towards the distal as well as the proximal 
tips. In Oldhamia radiata, probes radiate from a vertical en- 
trance and branch to fill the widening interspaces. In Old- 
hamia alata the probes are so closely spaced that they could, 
in a fabricational sense, be compared to Zoophycos. Note that 
in the figured specimen the second “wing” was made inward 
(retrusive), opposite to the others. The most unusual behav- 
ior is represented by Oldhamia geniculata. Here the entrance 
is again oblique and its gradual displacement forms a kind 
of central spreite. In concert, probes are made only on one 
side of the oblique master tunnel and in protrusive succes- 
sion, as shown by kinks made to avoid collision with previ- 
ous probes (other probes deviated into a higher or lower plane 
for the same purpose). Most unusual, however, is the way in 
which radial interspaces are utilized: instead of widening or 
branching, each probe turns back in a hairpin curve! This 
means that the coverage problem was solved by a preset pro- 
gram, rather than by local reaction. All these forms are re- 
stricted to particular horizons within the Puncoviscana For- 
mation; i.e. only one of the five ichnospecies is found on a 
single bedding plane. 

“Planning ahead” is also involved in the program of 
Oldhamia pinnata from the Ordovician flysch of Barrancos 
(southern Portugal). Its maker first produced a horizontal 
master tunnel, to which lateral probes were then added in a 
retrusive sequence. The program thus resembles that of 
Chondrites bollensis (Pl. 48), although the biological pur- 
pose was different. Close packing of probes in Oldhamia 
pinnata indicates sediment feeding, or rather grazing on 
the decaying zone underneath a biomat. 

The latest representative, Oldhamia fimbriata from 
Lower Carboniferous flysches of Germany and Morocco 
makes again fanning probes, but in a less regular mode than 
earlier forms. It persists into Permian flysches in Sicily. 
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Plate 50 
Chondritids 


This is one of the most common and distinctive groups 
of trace fossils. Ranging from the Ordovician to the Ter- 
tiary and to modern deepsea muds, chondritids are found 
in turbidite series as well as in shallowmarine shales and 
even in storm sands. So one may assume a heterogeneous 
origin. Yet the different forms share not only a plantlike 
kind of branching along bedding planes (hence the term 
"fucoids"), but also a preference for relatively quiet and 
low-oxygen environments. Like the other forms in this chap- 
ter, chondritids are clearly feeding burrows (fodinichia), but 
details of the probing, feeding and backfill processes are 
less uniform and must be analyzed separately in every case. 

The pellet fillings of Phymatoderma, which reminded 
the ancient artist of angel's wings, are still vexing: con- 
sisting now of a material different from the matrix, have 
they been altered by digestion and differential diagenesis, 
or are they imported from a food source at the sediment 
surface? In the following, we bypass this problem by con- 
centrating on the behavioral aspects of burrow design. In 
this respect, Phymatoderma differs from Chondrites 
mainly by the poor definition of burrow contours. This is 
not only due to pellets sticking out. Delicate feathering of 
the probes also implies a transversal component in the 
backfill (see enlargements). In addition, the angle of 
branching is rather narrow, allowing for a denser pack- 
ing of probes than in Chondrites. Therefore it may be as- 
sumed that the maker of Phymatoderma was more strictly 
a sediment feeder that gathered its food directly, either at 
depth or at the sediment surface. 

In the Posidonia Shales, the dominant form in the up- 
per burrow horizon (Pl. 73; actually at the very top of the 
bituminous facies) is Chondrites bollensis. Partly due to 
its smaller size, faecal pellets or backfill structures can- 
not be recognized. On the other hand, the sharp bound- 
aries of the burrows allow us to observe the detailed mor- 
phology of branching points. 

The reconstructed behavioral program is in a way 
counterintuitive. In the"fucoid" model that still influences 
our perception, branches would grow as in a Christmas 
tree, i.e. in distalward (protrusive) succession. In other 
trace fossils, succession can be tested by interpenetrations 
between different burrows or parts of the same system. 
In chondritids, however, the primary rule is to avoid con- 
tact with any other burrow: "Stop short before a collision 
can happen". This “phobotactic” behavior has been the 
chief argument against a seaweed interpretation, but it 
can also be used as a criterion of succession within and 
between burrow systems. 

Applying this criterion to the large (stippled) system 
in the figured specimen of C. bollensis, one discovers that 
branches must have been made in a backward (retrusive) 
succession: at every scale, proximal probes stop short of 


more distal ones. To make this possible, a second com- 
mand must from time to time be introduced: *Penetrate 
as far as you can in a straight direction to open new areas 
for subsequent backward exploitation along this axis!" 

Still this program is incomplete, because it does not 
specify the physiological instrumentation: (1) how did the 
animal sense the proximity of another burrow? (2) What 
limited the probing if there were no other burrows to stop 
the animal? (3) Why did the animal never return to ear- 
lier branches of the system? Chemical sensing is the most 
probable answer to the first question, while the ultimate 
length of probings may have been constrained by body 
length and ventilation. The answer to the third question 
is more difficult. The rule that earlier parts of the burrow 
system were never revisited is expressed not only by the 
consistently retrusive branching patterns, but also by the 
morphology of the branching points themselves: the sedi- 
ment corner is always shunted towards the older burrow. 
This leads to the assumption that at any time there was 
only a single unbranched open tunnel, while the rest of 
the system (the historical part) was closed off by active 
terminal backfill (Pl. 37). So we must add the command: 
“Backfill the previous probe before making a new one!" 

Elegant as it may appear, this model has its difficulty. 
In a sediment feeder that swallows the dug-out sediment 
for food,the volume of the backfill (and thelength of each 
probe) would have been constrained by the storage ca- 
pacity of the gut. Also, an ordinary worm would have had 
to turn around in order to deposit the faeces at the former 
eating place, unless these were regurgitates. Kotakes sani- 
tary model avoids this problem, but fails to account for 
the complexity of the burrowing program. 

Most favored at the moment is a chemosymbiotic 
model. It assumes that the Chondrites animal used the 
H,S of the pore water to feed its bacterial endosymbionts 
and in addition collected more proteinaceous food from 
the surface. Supporting this model is not only the prefer- 
ence of Chondrites for low-oxygen environments. Pump- 
ing of pore water would also explain why the probes are 
more widely spaced than in stripmining sediment feed- 
ers. In addition, backfilling of the probes would provide 
a double advantage by: (1) getting rid of faecal material 
and (2) avoiding to divert the pumping energy to aban- 
doned wells. In fact, modern lucinid bivalves (Thyasira) 
use their worm-shaped foot to pump H,S-laden water for 
the bacterial symbionts housed in their gills. They thus 
produce dendritic canal systems, but nothing is known 
about their backfilling. 

Before moving to other examples, we should note an- 
other interesting feature of the figured specimen, namely 
the interaction between different burrow systems. Bur- 
row diameters being rather constant within any one sys- 
tem of Chondrites bollensis, the associated smaller bur- 
rows are probably the work of conspecific juveniles. In a 
regular community, these would be expected to occupy > 
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the upper tier. Therefore they would be the first genera- 
tion on a bedding plane on which an upward tier shift 
(induced by sedimentation) is recorded. In this case, how- 
ever, the small burrows were made after the large ones; 
so we may be dealing with a minor downward shift due 
to erosion. 

Examples from mud turbidites in Cretaceous flysch 
sequences illustrate modifications of the basic program. 
In Chondrites targionii, branches are very long with few 
secondary ramifications. The two sides of the system also 
differ. On the left side, branches curve back and stop short 
of more proximal ones, indicating a protrusive sequence, 
while branches on the right side are straight and their 
secondary branches abut distally. This indicates that the 
program did not begin with the excavation of a main axis 
to which branches were added on either side in retrusive 
sequence. Rather, all branches were made to the left in a 
protrusive succession and then became retrusive on the 
right side, as in Taxichnites (Pl. 48). 

Chondrites cf. recurvus is smaller, but further compli- 
cates the targionii program. In the figured specimen, there 
is no straight axis. Instead, branches radiated lefthandedly 
and smoothly curved in protrusive succession. When the 
permissible distance was reached, the animal withdrew. 
On the way back it produced either no probe to the other 
side or only a few. These, however, curve towards the tip 
and are made in retrusive succession. By addition of new 
tips, the whole system developed into a dextral spiral that 
evenly covered a given surface with adequate drainage 
areas in between. This job took most of a lifetime, as 
shown by a gradual increase in the lengths and distances 
of the probes. Note also that this trace was respected by 
the burrow of another Chondrites (stippled) that followed 
the program of C. bollensis. 

Other ichnospecies differed in their access to the nu- 
tritious zone within the sediment. The delicate Chondrites 
intricatus looks like an inverted tree. It first made a very 
long vertical shaft that reached below the tiers of associ- 
ated larger burrows, such as Zoophycos and Scolicia. It 
“bloomed” only where the sediment was richest in H,S, 
but still soft enough for burrowing in the mode of worms 
(Pl. 21). Otherwise the branching pattern resembles that 
of Chondrites bollensis,but as the deep layers suffered less 
compaction, it is preserved in three dimensions. 

The next two forms approached the nutritious hori- 
zon by an oblique shaft and then bifurcated. In Chon- 
drites patulus, which probably employed the bollensis 
program, the two wings are straight. In Chondrites 
recurvus, however, they became lyrate, because its maker 
subscribed to the targionii program. A form recently 
described from the flysch of Switzerland used the same 
program, but only to one side and without curving back, 
to produce a helicospiral pattern This is more likely 
than an induction of spirality by a (now invisible) Gyro- 
lithes (Pl. 18). 


Switching to the sediment feeders, the radial arrangement 
of Phymatoderma penicillum resulted from a vertical 
shaft and the lyrate pattern of P. alcicornis from an ob- 
lique one. But as the producers were sediment feeders, the 
patterns are not ramose with sharp outlines, but stripmined 
fans transversely stuffed with faecal pellets, as in 
P. granulata. Also, the shaft tunnel did not come from 
above, but from below. 

Interestingly there is at least one other occurrence in 
which Phymatoderma is the dominant element: the 
Pliocene Esmeralda Shales on the coast of Ecuador, where 
it occurs in association with Zoophycos. 

This is another case where the overall shape of the 
burrow should be given less taxonomic weight than struc- 
ture, because it resulted from general rules of space utili- 
zation (note similarity with radiating trilobite burrows, 
Pl. 15; and arthrophycids, Pl. 42). True biologic relation- 
ships are probably better reflected in modes of backfil- 
ling and pattern execution. 
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Environmental Conditions 


Deepsea bottoms are a very special environment - not only because they cover 
more than half of this planet. In the absence of light there is also no primary pro- 
duction other than bacterial chemosynthesis, whose fuels (H,S and CH,) are partly 
derived from organic matter. Otherwise the main food source consists of the 
breadcrumbs sinking down from the photic zone. Even these have usually passed 
through other stomachs, before they reached the bottom. So food at the deepsea 
floor is at premium not only in a quantitative, but also in a qualitative sense. Under 
such extreme conditions, one might expect a lowly diverse fauna of generalists. 
But the opposite is the case: deepsea dredges reveal levels of within-habitat diver- 
sity and differentiation that are reminiscent of tropical reefs and forests! To ac- 
count for this paradox, the marine biologist Howard Sanders proposed the Time- 
Stability Hypothesis. It claims that within-habitat diversity depends on the perma- 
nence of environmental conditions through long periods of time, more than on 
levels of nutrient supply. Over time, diversity may be enriched by species that im- 
migrate from shallower environments, but probably sympatric speciation is an 
equally important factor. 

Despite being based on behavioral rather than developmental differentiation, 
deepsea trace fossils corroborate this rule. Starting in the Precambrian (Pls. 49, 
65), their diversity has gradually increased until it reached levels well above those 
of shallowmarine ichnocoenoses by Late Cretaceous and Early Tertiary times. In- 
terestingly, this trend applies not only to the preturbidite background association, 
but also to post-turbidite communities (Pls. 26, 29, 33, 34, 38, 40, 48, 50). Obviously, 
turbidity events were too local to disrupt community evolution as a whole, but at 
the same time frequent enough to create a predictable and time-stable environ- 
ment of its own. On modern deepsea bottoms, areas that have been covered by a 
turbidite maintain a distinctive fauna for centuries after the event. 

Diversification, however, is always combined with specialization, which increases 
the vulnerability against unpredictable changes at a global scale. So we should 
expect a great impact of the event, or chain of events, at the end of the Cretaceous, 
which decimated “Golden Age” biota in shallowmarine and terrestrial realms. 
Thanks to orogenic events, deepsea sediments of this critical interval are preserved 
in many parts of the world. Yet, their rich and highly diverse ichnofauna is not at 
all affected by the end-Cretaceous mass extinction. In fact, we rely on planktonic 
microfossils to distinguish between Late Cretaceous and Tertiary flysches. Although 
being ecologically decoupled from other realms, deepsea biota are not necessarily 
immune to extinction, but the triggering events in this biotope are of a different 
kind, such as oceanic anoxia. 

There appears also to be a difference with regard to the driving forces of evolu- 
tionary change. Morphological trends in the shells of shallowmarine organisms 


146 


XI - Deepsea Farmers 


can be largely accounted for by increasing predator pres- 
sure. In deepsea ichnocoenoses one gets the impression 
that competition was more important and that it worked 
by accommodating new species rather than by the old ones 
being outcompeted. This tendency is expressed not only by 
increasing levels of diversity within communities, but also 
by a general miniaturization trend. Given a limited but 
rather constant food supply, reduction of body size allowed 
more individuals and species to share the budget. 

Yet, miniaturization is not the only trend. Baited deep- 
sea traps have caught isopod and amphipod crustaceans 
the size of a lobster. These giants depend not on the con- 
stant rain of microscopic food particles, but on a discon- 
tinuous food supply: large carcasses. To quickly reach 
them and to survive the long starvation between feasts, 
large body size is at a premium. Giant trace fossils in the 
post-turbidite association (see Zoophycos, Pl. 38) are also 
opportunistic by penetrating deeper into the turbidite. 
They tap a food sources that cannot be reached by asso- 
ciated smaller sediment feeders. 


Burrow Patterns and Functions 


Burrows in deepsea environments show more complex 
patterns than neritic ones. In addition to strip miners 
(Pls. 38, 40) and probers (Chap. X), one observes a great 
variety of guided spirals (Pl. 33) and meanders. Being dif- 
ferent in a fabricational sense, they all cover a given sur- 
face evenly. The way in which food is recovered from this 
area, however, varies from group to group. In the post- 
turbidite association (Pİ. 72), nereitids (Pl. 34) are inten- 
sive sediment feeders. So are the associated strip miners 
- only that they proceed continously instead of following 
a repetitive program. In contrast, meandering grapho- 
glyptids (Pls. 52-54) carefully maintain a distance to 
neighboring burrows. In addition, their burrows did not 
become actively backfilled, but seem to have functioned 
in the way of open drainage systems. They are here united 
with radiating (Pl. 54) and net-like tunnel systems (Pl. 55) 
that met the same requirements through different 
fabricational pathways. All these tunnel systems served 
most probably for cultivating bacteria or other chemo- 
autotrophs in the mucus linings of the tunnel walls. In 
this flower bed, they could use H,S or CH, diffusing from 
the pore water and be occasionally harvested by the host. 

The name “Graphoglyptids” was introduced by The- 
odor Fuchs as an informal term for a diverse group of 
ornamental trace fossils found as positive reliefs on the 
soles of flysch sandstones that we now interpret as tur- 
bidites. Although there is no ichnogenus of that name, 
the term is here used in the sense of an ichnofamily, whose 
most prominent representative is Paleodictyon. This is 
also the form that has been photographed and sampled 
on modern deeo-sea bottoms. Still, we have as yet no idea 
about the taxonomic identity of the tracemakers. 


After these general considerations, we shall first dis- 
cuss principles of meandering and then proceed to the 
fascinating world of graphoglyptids, which dominate the 
preturbidite ichnocoenoses. 
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We have already discussed the advantage of meandering 
over spiral programs for covering a given surface with a 
continuous trail (Pls. 33, 34). In the present plate, mod- 
ern examples of guided meanders are compared with com- 
puter simulations in order to get a feel for the biological 
functions involved and the commands necessary to evolve 
and execute the program. 


Modern Meanders. The first two meanders originate by 
superposition of locomotion with the swinging action of 
a terminal organ. In limpets and other gastropods grazing 
algal films on rock surfaces or an aquarium wall, this organ 
is the radula at the tip of the head (for fossil examples, see 
Pl. 63). In contrast to the sine-wave trace of the swinging 
siphon in Psammichnites (Pl. 27), the amplitude of 
molluscan bite series is much larger than the wavelength. 
This allows the direction of locomotion to be read from 
the arcuate shape of the turns. Note that locomotion of 
the snail must proceed incrementally; otherwise distances 
to previous turns would increase during the swings. 
Guidance is also expressed by younger turns contouring 
the tips of earlier ones as the animal changed direction. 
Dragonflies laying their eggs on the lower surfaces of 
water-lily leaves use a meander program to reach opti- 
mal spacing. 

In all examples that follow, meandering trails, or bur- 
rows, are made by steering the whole body. In bark beetle 
species laying their eggs in isolation rather than in se- 
ries (Pl. 49), the grubs can choose their course without 
being constrained by siblings. So they start making 
meanders across the grain of the cambium, with the 
burrow as well as the meander loops becoming wider 
with the growth of the grub. The turns are not signifi- 
cantly arcuate, meaning that the grain of the substrate 
is a stronger compass than guidance. Similarly, the lar- 
vae of leaf moths contour the veins as they mine the green 
tissue between leaf cuticles (the spreite in its original 
meaning). 

Closer to trace fossils are meander trails of acorn 
worms photographed on the deepsea bottom. Although 
unlikely to become fossilized, they reflect a behavior that 
is also used by infaunal sediment feeders (Pl. 33): with a 
starter spiral as an initial reference, the guided meanders 
become arcuate. At the same time, a string of digested 
material is left behind. 


While the function of Paraonis spirals in beach 
sands (f) has already been discussed (Pl. 33), a vexing air 
photo from the fifties brings us back to an analogous hu- 
man behavior. A farmer in the American Midwest sprayed 
his fields to protect them against wind erosion, so he 
steered his tractor in guided meanders. Because the 
plowed pattern served as an additional compass, the turns 
did not become automatically arcuate, but widened at the 
ends due to a limited turning radius of the vehicle. 


Computer Simulations. Back in the sixties, David M. Raup 
used his early computer skills to simulate meandering 
worms with only two commands: (1) to follow the 
previous trace at a certain distance "d" and (2) to turn 
back after a certain length “P had been covered in one 
direction. By using random numbers to vary both 
parameters, and changing their proportions in each run, 
he produced patterns that a trace fossil expert would have 
affiliated with known ichnotaxa. Most interestingly, all 
simulated trails start with a spiral, although no specification 
for it was given in the program (Pl. 33). Also, wider d re- 
lative to l led to a more irregular course. 

Later on, Róder and Papentin wondered how such a 
behavioral program could have evolved by Darwinian 
selection. For this purpose they created a virtual worm, 
Rectangulus rectus (nomen nullum, because there is no 
type specimen). It had the habit of creeping straight ahead, 
but could also sense the proximity of another trail and 
was able to turn right or left at a right angle. A constant 
number of individuals was allowed to enter the screen. 
After the first run, selection rewarded the champions (i.e. 
the ones that had lower numbers of intersections) with a 
higher reproduction rate for the second generation and 
so on. After about ten generations, patterns began to 
emerge and coverage became improved. At the eightieth 
generation, there were only a few intersections and the 
dominant pattern was a spiral contoured by meanders. 
From then on, patterns and coverage changed very little, 
because an equilibrium had been reached. 

The same experiment with another virtual species 
(Rectangulus vagus) had an identical result; i.e. under the 
same selection pressure, homeomorph patterns evolved 
in originally very different lineages. There was also a 
chance effect: in some clades of either species the termi- 
nal patterns were not spiral, but linear meanders. 

With this background we are now ready to tackle the 
group of trace fossils in which behavioral complexity and 
diversification reached an unparalleled peak. 
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Graphoglyptid Preservation. Besides their complex patterns, 
all graphoglyptids share a particular mode of preservation. 
Sharp boundaries and smooth burrow surfaces might 
suggest a post-turbidite origin. Yet one never sees them pass 
into hypichnial furrows (as Granularia does; PL 18), nor do 
vertical sections show any continuation into the overlying 
sand. But if they have been pre-depositional, how could the 
delicate impression in the mud survive the erosional phase 
of a turbidity current without being erased, or blurred, like 
other washed-out burrows (Taphrhelminthopsis, Pl. 26; 
Spirophycus, Pl. 33)? In order to understand this paradox, 
we have to consider the sedimentary history of a turbidite. 

In all high-energy events, the depositional phase is pre- 
ceded by an erosional one. Erosional features on turbidite 
soles include groove casts, flute casts and frondescent casts. 
They originated underneath a flow of suspended sand, 
which cast them immediately as the current slowed down. 
But graphoglyptids are never associated with such sedimen- 
tary structures. Still they may show more subtle signs of 
erosion, such as delicate flutings on the down-current side 
of tunnel casts (c). Locally the approach of the turbid water 
body would be felt as a sudden shock wave, as in front of a 
snow avalanche. As this means instant acceleration of the 
water, it would suck the unconsolidated surface mud into 
suspension; but only if the turbid cloud were already in its 
depositional phase, could it immediately cast the freshly ex- 
humed burrow systems (b). Therefore one best searches for 
graphoglyptids in the distal zones of deepsea fans, where 
turbidites are relatively thin and where the biogenic struc- 
tures exhumed by shock erosion were not secondarily 
erased. 

Tractional erosion (as indicated by the sole marks men- 
tioned above) is not only more destructive; it also reaches 
down to levels in which open tunnels have already disap- 
peared by compactional collapse (e,f). Only extremely large 
graphoglyptids were exempt from this fate. Having been 
made at a more compacted level within the mud, their tun- 
nels stayed open for a longer time (h); so they could be- 
come exhumed by frondescent rip-off and be sand-cast in 
their original geometry (i). Another possibility is for tun- 
nels already compacted to be exposed by shock erosion. 
Unnaturally flattened casts (f) are the result. 


Problems in Program Execution. While the regularity of 
patterns makes graphoglyptids ornamentally appealing, the 
meander in the upper left corner (Helminthorhaphe reflecta 
from an Upper Cretaceous flysch in Italy) cannot claim such 
quality. Instead of maintaining a proper distance (as in Hel- 
minthorhaphe, Pl. 53), meander turns start with a wideloop 
before they get in closer contact with the previous turn. In 
the Early Cambrian Psammichnites saltensis (Pl. 65) such 
behavioris general and can be explained by an underdeveloped 


sensing of lobe distances. Here we probably deal with a perso- 
nal problem that is unsuitable as an ichnotaxobase. 


Shortcuts. A less conspicuous, but informative, irregularity 
consists of the shortcuts (asterisks) between the turns of 
this complex meander (Cosmorhaphe sinuosa) from the 
Eocene flysch near Zumaya, Spain. As in Paraonis 
meanders (Pl. 51), this tells us that graphoglyptid burrows 
were open tunnels that could be revisited on later 
occasions. Its also implies that the tunnel was reinforced 
by mucus, which explains the smoothness of the casts 
compared to washed-out backfill burrows such as 
Taphrhelminthopsis (Pl. 26) and Spirophycus (Pl. 33). 


Function. As discussed in the introduction, graphoglyptids 
do not attempt to completely cover a given surface. Rat- 
her they subdivide it into areas of similar diameters, like 
a drainage system. This makes sense in farming burrows, 
in contrast to the foraging patterns of sediment feeders, 
such as the post-turbidite Helminthoida (PL 34). 


Tiering. Turbidite erosion depicts bedding planes below the 
original sediment surface, on which different generations 
of graphoglyptids may be associated. In the figured 
specimen, the maker of the subsequent Spirorhaphe (broken 
line) was guided by a fellow spiral after having made its 
own. Both, however, disregarded the less well preserved 
smaller Spirorhaphe, as well as Paleodictyon, probably from 
an earlier generation. Assuming that tiers shifted upwards 
in response to background sedimentation, they may become 
telescoped into one level. 


Multi-storey Meanders. In principle, graphoglyptid tunnel 
systems spread at one level. In the figured Spirorhaphe 
involuta, however, there is a surplus whorl (broken line). 
As in the previous example, another individual searching 
for a new estate could have become guided by the coils of 
a spiral already there, but it is very unlikely that an animal 
making the inward coil met a foreign turning loop right 
in the center, thus being forced to turn prematurely. 
Alternatively, this incident can be explained by a multi- 
story system, in which the animal deviated from its pro- 
per plane when making the turn at the upper level. The 
multi-story model also has the advantage that the spiral 
can be derived from a meandering program. If turns in 
this three-dimensional meander were alternatingly made 
inahorizontaland in a vertical plane, guidance could switch 
accordingly; i.e. the animal could follow the outward spiral 
of the upper floor on the inward stretch and switch to a 
horizontal guidance on the way out. Spirorhaphe azteca has 
no turn in the center, but nevertheless shows surplus whorls 
(dotted). They can be explained by a spiral meander, in 
which all turns were vertical, but with a similar switch 
between horizontal and vertical guidance, and without 
adding a new whorl in the subsequent spiral. 
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The notion that meandering graphoglyptid tunnels were 
bacterial gardens (agrichnia) rather than burrows of sedi- 
ment feeders (fodinichnia; Pl. 31) is corroborated by the 
ways, in which the basic meander program became modi- 
fied, and excess entrances introduced, in various ichno- 
species. 


Non-branched Meanders. Disregarding secondary shortcuts 
(Pl. 52), tunnels in this group do not branch and differences 
between ichnospecies refer to the small bends and wiggles 
along the large primary meanders. As the specimens 
shown were not collected in stratigraphic sequence, their 
arrangement in lineages is hypothetical and does not claim 
to depict the “tree” of behavioral evolution. 

In Pl. 52, Spirorhaphe involuta was already discussed as a 
multi-storey meander with a central yin-yang turn. To make 
this design at a single level, the animal would have had no 
guidance for the inward spiral. In the three-dimensional 
model (derived from the surplus turn in Pl. 52), the refer- 
ence problem is solved by vertical guidance on the way in 
and horizontal guidance on the way out. By adding an 
outward whorl at each successive level, spirals got auto- 
matically larger, with the number of inward whorls cor- 
responding to the number of storeys above. 

Spirorhaphe azteca had no such problem, because it 
presumably started from the center and made spirals 
alternatingly outward with horizontal, and inward with 
vertical guidance (Pl. 52). Spirorhaphe graeca from an 
Eocene flysch of Greece is too big (up to 80 cm!) to apply 
this model; still, the spaghetti shape and distancing of the 
hypichnial tunnel casts distinguish it from echinoid-made 
spirals (Pl. 26). 

Helminthorhaphe did not require a starter spiral. Nev- 
ertheless, directionality is clear from the arcuation of the 
meanders. H. crassa is more loosely guided than H. japo- 
nica, whose turns widen as in the farmer’s track (Pl. 51). 

In Cosmorhaphe the evolutionary order becomes con- 
jectural. Should we regard the more ornamental patterns 
as more advanced? In this view, C. tremens and C. neglectens 
would be derived from a kind of Helminthorhaphe with in- 
cipient smaller wiggles and lobes, while C. parva, C. lobata, 
and C. involuta (see also Pl. 52) would be more advanced. 
But in a fabricational sense, the latter forms could also be 
considered as more primitive, because they simply execute 
a set of nested meander programs. As the assumed func- 
tion of even coverage improves in the more irregular forms, 
these have been taken as derived in Cosmorhaphe (second- 
ary meanders only occasionally executed) and Helicocosmo- 
rhaphe. In the latter all or only some of the secondary me- 
ander lobes leave the bedding plane to perform a twisted 
three-dimensional looping. Note that in H. sigmoida- 
lis (from Alaska) these lobes switch the sense of coiling at 


every turn of the master meander, but irregularly in the 
much larger H. helicoidea (from Austria). (In this and the 
following plates scale bars are 1 cm unless stated otherwise). 
Although a simple sinuous trace (Cochlichnus, Pl. 33) 
has here been figured for an "ancestor", this comparison 
is misleading. Graphoglyptid meanders are unrelated to 
sinuous locomotion, but represent intensional programs 
that can be not turned on and off in evolution and be 
modified according to the mood of the animal or the lo- 
cal situation. In Cosmorhaphe lobata directionality is ex- 
pressed in the arching of the primary as well as the sec- 
ondary meanders, because both seek guidance by the pre- 
vious element. Which of the two nested meanders was 
primary in an evolutionary sense is another matter. 


Uniramous Meanders. In order to oxidize H,S or CH,, 
chemosynthetic bacteria need oxygen, which may be limited 
in long tunnels not actively ventilated. To aerate the bacterial 
gardens by diffusion, additional shafts to the surface may 
be introduced. In the erosional reliefs preserved on turbidite 
soles, these shafts may not be obvious, but their presence 
can be inferred from the course of the meanders. In 
Belorhaphe (“lightning thread”), for instance, the pointed 
corners of the smaller meanders make sense only if a 
ventilation shaft branched off at every turn. These shafts 
become more visible in Protopaleodictyon because they 
followed the bedding plane before turning up. 

In Helicolithus, the second-order meanders transform 
into corkscrew tunnels. As coiling direction changes at 
every turn of the first order meander, the bedding-plane 
expression of H. sampelayoi shows mushroom-shaped 
meander turns as in Helicocosmorhaphe. In H. tortuosa, the 
switch is also expressed in a change of sigmoidality (re- 
lated to inclined ventilation shafts). 

The dotted meanders of Punctorhaphe probably re- 
flect a base tunnel undulating in the vertical plane with a 
shaft at every top turn. Urohelminthoidea modifies the 
program of Belorhaphe by lengthening the horizontal 
stretches of the second order meanders and inclining the 
ventilation shafts. Thereby the area covered became so 
large that broad meandering became unnecessary. The 
two ichnospecies (U. dertonensis and U. appendiculata) 
shown differ only in proportions. 

Broad meanders were also reduced in Dendrotich- 
nium. Instead its program emphasized the horizontal sec- 
tions of the ventilation shafts while reducing the ampli- 
tude of the zigzagged basal tunnel. The resulting pattern 
resembles Chondrites (Pl. 50), but with branches made in 
a protrusive succession. 

The two figured ichnospecies of Hormosiroidea (whose 
type species looks more like a string of beads and re- 
sembles graphoglyptids mainly by its mode of preserva- 
tion) stick out by their giant size. Consequently they pen- 
etrated into more compacted zones of the mud and be- 
came exhumed by rip-off (Pl. 52i). 
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Before going on to discuss other graphoglyptid programs, 
we should think about the evolutionary significance of all this 
behavioral diversification. In body fossils we have been trained 
to interpret every morphological change as improving fit- 
ness. This view can be extended to behavioral evolution, as 
we have done in previous chapters of this book. On the other 
hand, the within-habitat diversity of birdsong should remind 
us that diversification may also be driven by character dis- 
placement, if the signal reaches more than one population. If 
our interpretation of graphoglyptid burrows as bacteria farms 
is correct, the owner may have left them alone to return only 
for harvesting. In the meantime, usurpation by other species 
could become a problem. In contrast to the meanders of bark 
beetles (Pl. 51), graphoglyptid patterns maintain the same 
scale throughoutthe system.So an individual may have main- 
tained several such gardens during its lifetime or even si- 
multaneously. In this case, outgrown gardens could be used 
"secondhand" by younger members of the population. 

In conclusion, the differences between the designs of gra- 
phoglyptid gardens should perhaps not be judged by ordi- 
nary fitness criteria, but by their distinctiveness - just as house- 
keys are different to allow access only to members of our kin. 


Biramous Meanders. The housekey analogy is particularly 
useful to interpret minor ichnospecific differences in the 
biramous graphoglyptid meanders. Their basic scheme is 
best expressed by Paleomeandron elegans. Its “Greek” 
meanders are rectangular for the same reason that the 
second-order meanders of Belorhaphe appear zigzagged - 
except that there were two ventilation shafts per turn instead 
of only one. The transverse and the longitudinal connections 
between branching points could now be independently 
modified. On the other hand, the rectangular pattern is not 
as easily transformed into a three-dimensional corkscrew 
as in uniramous tunnels (Pl. 53). 

In Paleomeandron biseriale, the basic program is modi- 
fied by making the longitudinal stretches deeper, so that the 
transverse stretches are suppressed in the erosional hyporelief. 

Paleomeandron transversum has the same arrangement, 
with a deeper longitudinal stretch connecting the two shafts 
into a transverse U-tube. In the following forms the transver- 
sal stretches have become extremely elongated. So, first-or- 
der meanders became impracticable. They again differ in the 
relative levels of the elements. The longitudinal connections 
in Desmograpton ichthyforme bend upward, but downward 
in Desmograpton geometricum and D. inversum. Oscillo- 
rhaphe, in contrast, lengthens the transversal stretches of the 
secondary meanders, which appear truncated by the bases 
of the U-shaped ventilation shafts. 

Protopaleodictyon bicaudatum is again larger and more 
irregular than other forms in this group, but in contrast to 
Protopaleodictyon impositum (Pl. 53) there are regularly two 


branches per turn. In a future revision, all biramous ichno- 
species could probably be united in a single ichnogenus. 


Radiating Graphoglyptids. Here we return to patterns known 
from probers (Chap. X), with the difference that the present 
forms have a graphoglyptid mode of preservation (Pİ. 52) 
and that probes vvere not backfilled blind tubes, but open 
tunnels with a ventilation shaft at the end. Otherwise the rules 
of pattern formation are similar: oblique entrances produce 
bilaterally symmetrical patterns, while arrangements become 
radially symmetrical around vertical entrances. 

The graphoglyptid character is most clearly expressed 
in Tuapseichnium. T. simplex has no probe extending in the 
median plane. Rather, two U-shaped segments are arranged 
on either side. Tuapseichnium cervicorne starts in the same 
fashion, but adds more such modules to each of the initial 
ventilation shafts, plus a secondary radial branch on the out- 
side of each of the two initial branches. Note that the two 
initial branches run strictly parallel to the midline, while the 
subsequent branches curve back towards them in order to 
reduce unused sectors - opposite to what we have seen in the 
palmate burrows of sediment feeders (Pls. 42, 48, 49, 50). 
Tuapseichnium ramosum from the Paleocene of Daghestan 
follows the same principle, as shown by the bilateral symme- 
try and the median seam. Yet the curved segments are so 
perfectly and closely knit that the actual performance is hard 
to reconstruct (If you manage to do it, let me know!). 

Yakutatia from the Upper Cretaceous of Alaska appears to 
be also bilaterally symmetrical. The two branches presumably 
radiate from an inclined entrance, but in contrast to 
Tuapseichnium they curve outward into a spiral, with second- 
ary branches taking off with an opposite curvature. More ma- 
terial would be required to fully understand this program. 

Another line of radiating graphoglyptids is represented 
by Glockeria. Its bilateral forms (G. dichotoma, and G. alata, 
of very different sizes) can be derived from the design of 
Tuapseichnium simplex by adding bifurcations and reclining 
the ventilation shafts. The shift from a bilateral to a radially 
symmetrical arrangement of such branches in Glockeria 
glockeri is no big step either. As in Oldhamia radiata (PL 49), 
it was probably induced by the change from an inclined to a 
vertical entrance. 

Resemblance to actively backfilled burrows has muddled 
the interpretation of other radiating graphoglyptids. The 
dendroid Chondrorhaphe (not figured), looks like Chondrites 
(PL 48), but is not only preserved like other graphoglyptids, 
but also has a dichotomous mode of branching. 

Similarly misleading is the resemblance of Lorenzinia to 
backfilled stellate burrow systems (Pl. 47). As the erosional 
hyporeliefs never show a central shaft, branching must have 
occurred at a higher level. Also, the faint crosslinks in Lorenzi- 
nia apenninica suggest a branching mode like in Glockeria. 
L. moreae (formerly Bassaenia), on the other hand, may be 
the cross-sectional expression of very regular radial U-tun- 
nels, because numbers are the same in both circles. 
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XI - Deepsea Farmers 


Plate 55 
Paleodictyon 


By its regular meshwork, Paleodictyon is the most con- 
spicuous of all flysch trace fossils and therefore most likely 
to appear in field reports. Found in shallowmarine envi- 
ronments in the Cambrian, and in deepsea settings from 
the Ordovician to the present day, it has also the longest 
record of all graphoglyptids, with which it shares the dis- 
tinctive mode of preservation (Pl. 52) and the tendency 
to circumscribe parcels of unused sediment like an irri- 
gation system. 

On the other hand, Paleodictyon is also most difficult 
to explain in terms of a simple behavioral program. First 
of all, a reticulate tunnel system cannot be fabricated with- 
out breaking a general taboo in graphoglyptid morpho- 
genesis: “Avoid collision with previous tunnels!” (second- 
ary shortcuts are another matter; see Pl. 52). Rather, links 
with previous parts of the tunnel system have to be made 
on a regular basis. Also, a certain amount of double cov- 
erage (which should be reduced if the maker had been a 
sediment feeder) cannot be avoided. Though similar hex- 
agonal patterns result automatically from close packing 
of soap bubbles, eggs, corals (Pl. 57) and honeycomb cells, 
it turns out that “weaving” them is a more difficult task 
(compare the fabrication of hexagonal chicken wire!). 


Theoretical Pathways. The unshaded parts of the diagram 
show potential modes of fabrication derived from a 
meandric, a spiral, or a radiating master plan. In the 
shaded area, these modes are translated into a Squamo- 
dictyon, whose scale-like meshes reveal the succession in 
which they were made. 

Comparison with actual fossils shows that only the 
spiral mode has been used. Notably the simple method 
of forming rectangular meshes by superimposing guided 
meanders at a right angle has never been employed - 
possibly because it would have required overcrossing and 
the ability to move around sharp corners in harvesting. 


Fossils through Time. Though the earliest deepsea Paleo- 
dictyon was found in an Ordovician flysch of Iraq, one of 
the richest records is available in the Silurian Aberystwyth 
Grits (Wales), which are exposed in beautiful coastal cliffs. 
In this occurrence, nets reach diameters of half a meter 
and mesh sizes of several centimeters. The dominant form 
there is P. (Squamodictyon) petaloideum. Its mesh size 
ranges from less than 1 to more than 3 cm, but remains 
uniform within each system. This underscores that an 
animal produced many nets during its lifetime. The scale- 
shaped meshes characterizing this ichnosub-genus are 
clearly made from the center outwards and probably in a 
spiral succession. With Paleodictyon (Squamodictyon) 
tectiforme, smaller versions of the same fabricational style 
persist into the Upper Cretaceous. 


Associated in the Aberystwyth Grits is a form of simi- 
larly large size, but with angular meshes. The name Paleo- 
dictyon (Glenodictyum) imperfectum refers to this angu- 
larity as well as the fact that the hexagons are less regular 
than in Cretaceous and Tertiary ichnospecies such as 
P. (Glenodictyum) strozzii. In the still smaller P. (Gleno- 
dictyum) minimum the net tends to be eroded as a whole. 
The exhumed outline of the whole system is hexagonal 
with straight and smooth edges. Obviously, new meshes 
were added in a hexagonal spiral (see above), which to- 
gether with a rigid linkage program guaranteed the uni- 
form mesh size. 

Most revealing is the third ichnosubgenus, Ramodic- 
tyon, whose name refers to the multiple ventilation shafts 
ascending from specified points of the net tunnels to the 
surface. In parts that were incompletely exhumed, these 
shafts are preserved as hypichnial knobs whose relation- 
ship to the net pattern can be inferred from more deeply 
eroded parts of the same system. In a very large form 
from an Upper Cretaceous flysch in Italy, Paleodictyon 
(Ramodictyon) tripatens, the shafts are arranged at more 
or less equal distances (although one direction appears 
to be more pronounced in the figured pattern, possibly 
due to tectonic deformation), but these distances corre- 
spond to the diameters of the meshes rather than those 
between branching points of the net. This means that 
there were only three ventilation shafts around each mesh, 
instead of the six openings one would expect. In the 
model, these shafts are placed at corners of the hexagon. 
This is surprising, because positioning in the centers of 
the connecting tunnels would have maintained the triple- 
junction style of other graphoglyptid traffic systems. In 
any case, the maker had to count turns in order to pro- 
duce shafts only in every other element of the net. 

In the smaller Paleodictyon (Ramodictyon) nodosum 
it was unnecessary to count, because every connecting 
tunnel of the hexagonal net had its own ventilation shaft. 
Accordingly, the pattern of the shafts in planview re- 
sembles the hexagonal pattern of the net underneath, but 
rotated by thirty degrees. 


Modern Paleodictyon. The tunnel architecture reconstructed 
for P. (Ramodictyon) nodosum provided the explanation 
for enigmatic designs that were discovered by Peter 
A. Rona in photographs of modern deepsea bottoms in 
1978. In size, outline, and pattern they are identical to the 
fossil ichnospecies - or rather to its reconstructed surface 
expression in the form of shaft exits. Later, these patterns 
could be directly observed from deepsea submer-sibles, 
which also allowed experimental exhumation of the 
underlying reticulate tunnel system. This we did in ALVIN 
by inverting a pump designed for sucking-in animals. To 
our surprise, the gentle blast did not produce a cloud of 
mud blocking the view. Rather, the mud between the 
openings peeled off in the form of small tablets, indicating > 
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some kind of (microbial?) binding. Underneath, the meshes 
of the horizontal tunnels could be seen as clearly as on a 
turbidite sole. Other horizontal tunnel systems came also 
into view, but unfortunately there was not enough time left 
to continue. By thus treating larger surfaces, one could 
certainly discover other graphoglyptid species that are not 
as easy to spot by surface openings. 

As another surprise, the host sediment was light-col- 
ored and slightly reddish, rather than black as required 
for an H,S-based symbiosis. Yet it is still possible that the 
farmed bacteria use methane, which might well be avail- 
able in an area where vent activity has only recently ceased. 

A third observation relates to ventilation. Pictures taken 
at an angle show that the fields of Paleodictyon are slightly 
elevated above the surroundings. Fabricationally, this could 


SO eat 
AR 


be the result of excavated sediment being dumped on the 
surface. Functionally, however, it means that water will 
automatically be sucked out of the more central shafts 
and be replaced from the margins - an ideal arrangement 
for passive ventilation in the absence of the owner! 

One day even the maker may be caught and identified 
- provided it happens to harvest its garden at the time of 
sampling. 

For the time being, we must be content with the videos 
taken for the IMAX film Volcanoes of the Deep Sea at a 
depth of 3 400 m in the Mid-Atlantic rift and continue to 
search the fossil sea bottoms. The sole faces of ancient 
turbidites remain a much a more convenient and a more 
promising place to study the biology and behavioral evo- 
lution of these most artistic, but anonymous, tracemakers. 


m Paleodictyon nodosum. a Atlantic, 3400 m; b Eocene flysch, Vienna; c P. strozzii and P. minimum (U. Cret. Flysch, Zumaya) 


Pseudo-Traces 


Plate 56 
Trace-like Body Fossils: 
Xenophyophoria 
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Tool Marks 


Plate 58 
Synsedimentary 
Structures 


Plate 59 
Diagenetic Structures 


Plate 60 
Tectograms 


n old paleontology textbooks, trace fossils were treated as an appendix together 
with “Problematica”. Although this situation has changed, the mesalliance per- 
sists. As trace fossils are themselves sedimentary structures, their distinction from 
non-biogenic structures is more difficult than in body fossils. Therefore every 
practicing ichnologist must be aware of pseudofossils that owe their origin to a 
variety of physical processes. The last edition of the Treatise on Invertebrate Pa- 
leontology, part W, lists 245 ichnogenera and no less than 76 “genera” of 
pseudofossils (not counting synonyms). Most of the latter come from the Prot- 
erozoic for two reasons. (1) When biohistorians work in the Precambrian, they 
are particularly eager to recognize - and name - anything that could potentially 
be the earliest documents of animal life. (2) The Precambrian was a world of 
microbes. In the absence of bioturbation they could form continuous films or 
biomats at the sea floor. Microbial mats not only produced the laminated build- 
ups called stromatolites; they also reinforced the top layer of otherwise soft sands 
and muds. Therefore, clastic Precambrian rocks contain a lot of “anactualistic” 
sedimentary structures that are rare or absent in later deposits. Accordingly, the 
present chapter has been placed before the one on Precambrian trace fossils. This 
is not the place to cover all sedimentary structures. They represent a field of their 
own that, like paleoichnology, still requires more observational and experimen- 
tal research. Many eye-catching sedimentary structures (such as cross bedding, 
ripples, or desiccation cracks) would never be mistaken for trace fossils. Never- 
theless, the present selection should make it also clear that a given structure does 
not lose scientific interest after having been identified as a pseudofossil. It re- 
mains a historical document that records sedimentary, diagenetic, or tectonic 
processes and environmental conditions. 

The same is true for traces that turn out to be body fossils. Most misleading in 
this respect are fossils, in which sedimentary particles have been used to reinforce 
the shell (agglutination) or to build an internal skeleton (inglutination). A familiar 
example are the tubes of caddisfly larvae. If fossilized, should they be treated as 
body fossils or as a special kind of trace fossils with separate names? Inglutinated 
skeletons are known from passively implanted actinians (Psammocorallia) and 
sponges as an early kind of skeletonization. The former are difficult to distinguish 
from algal sand balls and could also be mistaken for the resting traces of actively 
burrowing actinians or sea pens (Pl. 25). Xenophyophoran protists (Pl. 56) aggluti- 
nate coarser particles in their outer wall and finer use ones for the inglutinated fill 
skeleton. They thus resemble mantle burrows with a fecal backfill (Pls. 32 and 34). 

Another marginal case is Shuichenyichnus spiralis from Permian coal mea- 
sures in China. While being described as a burrow, it is more probably the intes- 
tinal cast (cololite) of a tetrapod, as evidenced by occurrences in identical depos- 
its of later times. Depending on definitions (Pl. 31), it might range as a trace 
fossil in either interpretation. 
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Other kinds of pseudofossils are produced by mod- 
ern animals. Some insects build their nests within the 
soil and older sediments, so that the difference in age 
is not obvious. Scorpions often hide in rock clefts, as 
do some polychaetes in the intertidal zone. With their 
claws and bristles scorpions produce characteristic 
scratch patterns (“Jiyuanichnus”) that can easily be 
mistaken for trace fossils if they happen to follow bed- 
ding planes. Similarly, the radular scratches left by 
gastropods grazing on algal films look like trace fossils 
when dry; but if you clean the rock surface, they disap- 
pear. As a last example, certain aquatic insect larvae pro- 
duce deep elongate impressions on cobbles, probably 
while feeding on the algal films. Such Furchensteine are 
popular collectibles in Alpine lakes. 

This shows that ichnologists should also be familiar 
with the local fauna when collecting. 

Nor should they forget that postdepositional processes 
not only create pseudofossils, but also contribute to ei- 
ther the enhancement, or the elimination, of true traces. 
Enhancement is exemplified by burrows of a deep tier 
whose active or passive fill was more porous than the 
already compacted host sediment. Thus they became se- 
lectively lithified and weather out three-dimensionally. 
This process is particularly common in crustacean bur- 
rows of Cretaceous chalks, where it has also been ob- 
served in Zoophycos. 

On the other hand, traces made on interfaces between 
lithologically similar layers may be altered by styloliti- 
zation. A notable example is the Muschelkalk (Middle 
Triassic, Germany), where bed surfaces preserve cor- 
roded burrows (Rhizocorallium, Pl. 18; Solemyatuba, 
Pl. 36) that were originally endichnial and became pro- 
jected on the bedding plane by stepwise pressure disso- 
lution. Similarly, such reliefs (e.g., Asteriacites, Pl. 24; or 
Gyrochorte, .1ط‎ 35) are hardly recognizable any more in 
the Rhaetic Sandstone (Upper Triassic) of the same re- 
gion, while they are perfectly preserved on bedding sur- 
faces of environmentally equivalent Jurassic sandstones 
a few meters higher up in the section. The reason is a 
kind of early silification in which the quartz cement was 
derived not from grain-to-grain dissolution, but from the 
stylolitized bedding planes. 

In the following discussion, pseudotraces are grouped 
according to their presumable origin into body fossils and 
syndepositional, biomat-related, diagenetic, tectonic, or 
weathering phenomena. 
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XII ۰ Pseudo-Traces 


Plate 56 
Trace-like Body Fossils: Xenophyophoria 


The name Palaeopascichnus indicates that this structure 
from shallow marine Ediacaran sandstones was originally 
compared to guided meanders of sediment feeders and 
thus taken as an example of another onshore-to-offshore 
shift through geologic time. In fact, the transverse 
stretches are equidistant and tend to turn back against 
earlier ones as in nereitids (Pl. 34). If one traces them by 
pencil, however, the turns on the two sides never alter- 
nate as they would in a true meander. Also, the guidance 
between loops appears overly perfect for such early trace 
makers. Better preserved hyporelief specimens from Aus- 
tralia, Newfoundland and Russia show that we deal with 
a series of laterally attached sausage-shaped chambers, 
whose agglutinated sandy walls leave a meander-like pat- 
tern on the bed surface when broken off. This model can 
also be applied to associated structures in similar preser- 
vation, whose chambers are bubbleshaped and align ei- 
ther uniserially or biserially, like the fecal backfill pellets 
in Neonereites (Pl. 34). The new interpretation equally fits 
similar patterns of darker color reported by Peter Haines 
from the pre-Ediacaran Patooga Sandstone of South Aus- 
tralia. All these systems fill the given surface without in- 
tersecting. They also bifurcate, which is impossible in a 
continuous meander. 

Fortunately, organisms survive in the modern deep sea 
that fit our reconstruction in size as well as patterns: 
Xenophyophoria. As revealed by the studies of Ole Tendal, 
these rhizopods transcend the size limit of unicells in a 
way similar to larger foraminifera and the quilted 
Vendobionta, namely by compartmentalization of the 
multi-nucleate (plasmodial) protoplasm by a tough outer 
wall. In contrast to the rigid foraminiferan tests, the wall 
of modern xenophyophorans is flexible, but reinforced 
by agglutinated sand, or by shells of planktonic foramin- 
ifera. If we accept the identification of the Precambrian 
fossils as Xenophyphoria, their difference to the modern 
representatives relates only to habitat. In Precambrian 
times they could still exist on well-lit shallow marine bot- 
toms, where sand was available for agglutination and 
where biomats provided a substrate, into which these 
protists were embedded. In building their walls, they in- 
troduced coarser grains into the finer sediment below the 
mat, so that they now look like trace fossils in positive- 
hyporelief preservation. After having retreated to the 
muddy deepsea bottoms, forms like Stannophyllum grew 
upright, attached only by rootlets along the straight lower 
edge (other species may still be immersed in the sedi- 
ment). Nevertheless the limitations of growth remained 
the same. Chambers are either globular and arranged in 
branching twigs. Alternatively, sausage-shaped chambers 
allow growth into leaflike structures that bifurcate as soon 
as the next chamber would exceed a permissible length. 


Neoproterozoic xenophyphores and vendobionts (whose 
wall was not agglutinated and could therefore expand) fol- 
low the principle of allometric compartmentalization; but 
compared to the chamberlets of large Foraminifera, their 
chamber (or quilt) diameters are too large. The inglutinated 
skeleton (stercomare) of modern xeno-phyophores resolved 
this problem: it consists of smaller particles taken up with 
the food that subdivide the protoplasm inside the cham- 
bers into strands of permissible diameters. 

The illustrations, taken from an unpublished study of 
White Sea material by Anton Legouta, show the modifica- 
tions of the Neoproterozoic xenophyophores. They range 
from lobate with transverse chambers (Palaeopascichnus) 
to catenate and foamlike with globular chambers (“Neonere- 
ites”) and star-shaped with radial tubes (Eoporpita). In 
Hiemalora the rays around a central body could be the im- 
pressions of naked pseudopodia, similar to a questionable 
form (cf. Psammetia) photographed at a depth of 7 000 m. 

Assuming that Paleodictyon (Pl. 55) is not a xenophyo- 
phore but a graphoglyptid burrow, why is there hardly any 
fossil record of xenophyophores after the late Neoprotero- 
zoic? One reason may be that the group emigrated into the 
deepsea after the Cambrian Substrate Revolution (Pl. 65). 
At the same time, an important taphonomic window closed. 
Probably most of the forms figured here lived embedded in 
biomats, which protected them against uprooting and 
transport and make them visible as positive hyporeliefs 
on the former base of the mat. As bioturbation transformed 
matgrounds into mixgrounds in hospitable environments, 
this preservation became extinct. A possible exception is a 
large lobate specimen (collection of Renata Neto, Unisinos) 
from laminated Devonian silts in Brazil. It would be inter- 
esting to study its paleoenvironmental setting. 


m Chambered xenophyophore (“Neonereites”) (Vendian, White Sea) 


sausage chambers 


globular chambers 


radial extensions 


uniserial 


sand tubules , 
NN 


x 


RE 
ə 


— 


Plate 56 - Trace-like Body Fossils: Xenophyophoria 


Xenophyophoria 
(giant agglutinated rhizopods; 
chambers of constant diameters 
and filled with stercomare) 


dur 
A 


g 


no overlap 


“Neonereites” 


M 


Mü 
20 3j 
Jj. 


163 


164 


XII - Pseudo-Traces 


Plate 57 
Tool Marks 


Not only animals move over the bottom. Non-living ob- 
jects may be passively transported by waves, wind, and 
current. They leave tool marks that can easily be mistaken 
for animal traces. 

Good examples are the roll marks of dead ammonite 
shells found on particular layers of the famous litho- 
graphic limestones of Solnhofen, Germany. Probably 
driven by a muddy turbidity current, the flat shells of 
Perisphinctes rolled along like wheels, provided they had 
the right orientation (when they wheeled in the opposite 
sense, the aperture hit the bottom and made them tumble). 
Their tire tracks are necessarily discontinuous, because 
every time the shell rolled over the aperture, it made a jump 
and bounced back when touching bottom again (A). The 
result is a series of longer and shorter impressions in regu- 
lar succession. Since they also bear the imprints of the shell 
ribs, it is not surprising that they were originally referred to 
fish - or to whole schools of them - swimming over the 
bottom, because all marks run in the same direction. 

The basic roll pattern (A) became modified by wobbling 
(B, C) but also by the increasing wear on the rolling shell. 
Damage started with a dent in the ventral margin of the 
aperture (B), from which breakage proceeded, leaving two 
ridges of the lost part (D). Later, another breakage occurred 
where the shell hit the ground after the apertural jump (E). 
The resulting ruins could not roll like a wheel any more. 
Rather, they rolled sideways and left the most vexing pat- 
terns, but still with a regular repetition (F, G). 

The bullate shells of Aspidoceras did not roll like a 
wheel. They always rolled sideways, so that the spines of 
the right and left flanks left their stamps in alternation. 
Such patterns (H-K) have at times been referred to a squid 
with spiral suckered arms moving sideways, while vari- 
ants produced at higher speeds (L-N) were interpreted 
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m Artificial roll marks of Perisphinctes (Tübingen Museum) 


as swimming tracks of a turtle with strong claws, if two 
shells happened to roll side by side. 

A rare kind of repetitive markings associated with ordi- 
nary Perisphinctes roll marks was probably produced by a 
shell that still retained some buoyancy and therefore could 
not roll. A pendulum movement (O) is more likely the cause 
than an ammonite using its arms to crawl sideways (P). 

Other biological objects of appropriate shapes also leave 
roll marks that were once interpreted as trace fossils, such 
as round tabulate corals (Q), fish vertebrae (R, S) and seg- 
ments of large cattail stems (T). Regular tool marks not re- 
lated to rolling include circles made by seaweed swinging 
around under wave action (U) or ruffled groove casts (V). 

Since all these markings originated at the sediment 
surface, the presence of biomats was probably necessary 
to preserve them. 

The study of syndepositional sedimentary structures, 
such as tool marks, is akin to that of trace fossils. Both 
are based on deformations of the original bedding planes. 
Also there is a majority of unspecific impressions, called 
impact casts, that at least indicate paleocurrent directions. 
The more complex “elite” structures, moreover, can be 
analyzed with the same forensic approach as used in 
ichnology. As roll marks are made by biologically stan- 
dardized, but dead objects, there is also the advantage that 
the hypothesized processes can be experimentally simu- 
lated. For instance, a fossil ammonite rolling down an 
inclined board coated with modeling clay produces ex- 
actly the same intermittent impressions as found on Soln- 
hofen bedding planes. Similarly, Pavoni discovered the 
roll marks of fish vertebrae on butter when preparing a 
sardine sandwich at a well in the Swiss Alps. They imme- 
diately reminded him of impressions that had been de- 
scribed as tunicate colonies from the Glarus Shales. 
Equally, “Chloephycus” (V) can be produced with a fork 
on the scum of whole milk. One does not need sophisti- 
cated instrumentation to make discoveries in this field! 
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XII . Pseudo-Traces 


Plate 58 
Synsedimentary Structures 


The repetitive patterns of ordinary depositional struc- 
tures, such as ripple marks in sand and sun cracks in 
mud, are too familiar from modern environments to be 
mistaken for fossils in the rock record. This is not the 
case with crypto-actualistic structures that originate be- 
low the sediment/water interface. Among these are ero- 
sional features (flute casts; frondescent casts; scratched 
tool marks). They form at the peak of the event under 
suspended sand and are immediately covered after tran- 
sition to the depositional phase. Therefore they are beau- 
tifully preserved on the soles of sandy event beds, but 
remain invisible in modern environments. 

Other structures are anactualistic, because they are 
related to biomats that could not form on oxygenated 
sea bottoms after the Cambrian bioturbational revolu- 
tion (Pl. 65). 

The bilobate “Blastophycus” from the Upper Ordovi- 
cian of Cincinnati could be mistaken for a rusophyciform 
trilobite burrow. In reality it is a bilobed scour behind an 
enrolled trilobite, which was certainly dead and probably 
reworked from a former mud as a heavy particle. 

Mop structures form in turbidites during the initial 
state of the depositional phase by small avalanches of 
sand gliding down the lee slopes of erosional ripples (con- 
toured by isohypses of eroded mud laminae). Feather- 
ing out in current direction and coalescing into a “mo- 
raine” on the downcurrent front, they resemble a house- 
hold mop. A giant version in Ordovician turbidites of 
New York State is locally known as “Coxsackie dinosaur 
skin”, while a minute version from Poland has been mis- 
taken for the trace fossil Lophoctenium. Such structures 
also occur (and vex visitors) in the Ediacaran deposits 
of Newfoundland. 

Elephant-skin structures form underneath biomats 
that are somewhat coarser-grained than the sediment 
below. They are common in Precambrian clastic sedi- 
ments, but also occur in the toxic environments of the 
Solnhofen lithographic limestones. In principle we 
deal with a kind of load casts, but at a smaller scale than 
usual. 

Upper surfaces of Precambrian sandstone beds are of- 
ten coarsely striated. These structures have variously been 
called *Neantia" or “Arumberia”, particularly if they con- 
verge in local depressions and therefore have a more 
biogenic aspect. They probably originated as slide marks 
underneath tough biomats that were exposed to tractional 
currents loaded with sediment. In the figured specimen 
from the Vendian of India, the overlying wrinkled mat 
(black) is still preserved. 


The name “Kinneyia” (junior synonym of “Rivularites”; 
“Peanut blisters” is a handier term) stands for negative 
epireliefs that look like raindrop impressions. The restric- 
tion to flattened ripple tops, as well as experiments, led 
E Pflüger to the interpretation as gas bubbles trapped un- 
derneath a biomat. Note that in the figured specimens (in- 
cluding latex cast on top) bubbles merge into chains, par- 
ticularly along the boundary with a smooth ripple trough. 
A stick-like body fossil (graptolite?) is surrounded by a 
smooth halo, probably because the sediment around it had 
been altered into an incipient concretion. On the other hand, 
the burrow in the lower block was superimposed after 
“Kinneyia” had formed, possibly triggered by an earthquake. 
When this happened, the biomat was still in the reach of 
burrowers. Degassing or dewatering (and possibly biomats) 
may also have been involved in the concentric microfault 
systems that have been called “Protospiralichnus”. 

A dewatering structure called" Aristophycus" (= “Lobich- 
nus”) is always found as positive epirelief and is located 
on the crests if the surface is rippled. Although there is a 
similarity to viscosity figures (forming when the cover 
glass of a thin section is lifted from the molten resin), we 
probably deal instead with an erosional feature showing 
a similar fractal behavior. As pore water escaped during 
compaction from the sand, it was stopped by the overly- 
ing clay, or biomat, and dissipated in a form resembling a 
distributary river system. “Aristophycus” commonly ra- 
diates from burrows that served as a conduit, leading to 
the misinterpretation as a gill impression of the trace 
maker. It also intersects epireliefs of Gyrochorte, which 
indicates an intra-sedimentary origin below the surface. 

Our last example, “Astropolithon”, is much larger. Dis- 
covered in the jungles of Northern Australia, these struc- 
tures were originally described as jellyfish. More prop- 
erly they should be referred to fluidized sand that could 
not readily escape. Being held up by mucous horizons of 
former biomats, the fluidized sand first formed a dome. 
The mats then cracked radially before the fluidized sedi- 
ment could erupt as sand volcanoes. Note crescentic lami- 
nae in the neck of the largest form, indicating lateral dis- 
placement during eruption. This might also have been 
the origin of the celebrated Brooksella canyonensis from 
the Neoproterozoic of the Grand Canyon (though not of 
the Cambrian forms of Brooksella; Pl. 47). The model can 
be also applied to the blunt-ended radii of the Ediacaran 
“Mawsonites” (Pl. 62) which as well has a crescentic struc- 
ture in the central shaft. Burrow-like vertical shafts with 
radial tributary canals around the base have been ob- 
served in a thick tsunami deposit related to the asteroid 
impact at the K/T boundary. Such dewatering structures 
should be expected in sediments that were instantly 
dumped at this event. 
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XII - Pseudo-Traces 


Plate 59 
Diagenetic Structures 


Early diagenesis is dominated by two processes, compaction 
and cementation. Mineralization may enhance the original 
stratification by differentially cementing more porous lay- 
ers; but it may also be localized, using burrows, carcasses, 
or shell accumulations for nucleation. We shall first discuss 
rhythmic patterns caused by concretionary processes and 
then those related to crack propagation. 


Dissipative Mineralization. In glacial silts of Norway, elongate 
concretions commonly formed around fish carcasses; but 
instead of forming an envelope all around, accretionary growth 
proceeded as pancake layers that expanded transversally from 
a point of origin. So there was a critical distance limiting ra- 
dial expansion. This is a common property of dissipative 
systems. Another striking feature is the symmetry of such 
concretions relative to the bedding plane: every pancake and 
every “epaulette” has its counterpart on the opposite side! 
While there is no scientific term for such concretions, Nor- 
wegian children found one:“Marleik” (a doll one can play with). 

For completeness, we add siderite and chert mummies 
to show that the dissipative process is not restricted to a 
particular mineral. In both cases the critical distance is not 
only expressed in the thickness of the encrusting envelope, 
but also in its segmentation into concentric sausages. It may 
also be significant that both examples come from arid en- 
vironments, where iron and silica tend to migrate with 
meteoric water (Cretaceous chert nodules of northern Eu- 
rope never have such encrustations). 

Encrustations of a similar kind, but on a much larger 
scale, are the Westerstetten structures. They consist of 
micritic calcite and cover upper surfaces of blocks of Juras- 
sic limestone floating in the residual clay of a karst fissure. 
They probably formed when the area was an arid land sur- 
face during Cretaceous and Tertiary times. Fine internal 
lamination also shows that the sausages accreted at their 
ends. This links them with the colorful Liesegang rings that 
decorate the sandstone walls of Petra (Jordan). Similar pat- 
terns have been described as meandering trace fossils 
(cf. Helminthoida) in Triassic sandstones of Germany. 

Dissipative silicification may also explain the Allamoore 
structures reported as meandering burrows from Protero- 
zoic limestones in Texas, although they are discoid rather 
than globular and lack turns at the ends. 


Crack Propagation. Frondescent casts are diagenetic only in 
the sense that they formed after initial compaction. When in 
the peak of a storm or turbidity current erosion reaches an 
already compacted layer of mud, erosion no longer proceeds 
grain by grain. Instead, large chunks of stiff mud are plucked 
off at once (Pl. 52). Their scars, which become immediately 
buried under the settling sand, show a very characteristic 
fractal pattern. The reason is that in isotropic materials cracks 


tend to propagate in leaflike patterns. In the figured example, 
the similarity with plant leaves is enhanced by preexisting 
burrows, which served as conduits for the pressurized water. 

Syneresis stands for shrinkage caused by the dewatering 
of gel-like sediments. As the mucus of biomats enhances 
this quality, it is not surprising that syneresis cracks of many 
kinds are most common in Precambrian rocks, or in low- 
oxygen environments of later times. If such cracks are filled 
with sand, they may easily be mistaken for trace fossils, such 
as incipient cracks resembling bivalve burrows (cf. Lockeia; 
Pl. 23) or sinusoidal cracks (“Manchuriophycus”) that fol- 
low ripple troughs. They probably opened within the sedi- 
ment in buried biomats. 

Septaria are calcareous concretions with a boxwork of 
shrinkage cracks inside. Cut and polished, they make good 
conversation pieces, particularly if the cracks are healed with 
white calcite. In order to shrink, the concretion still had to 
be unlithified inside its hard outer shell, because each layer 
conserved the compactional state by the time of its forma- 
tion. It is also interesting to speculate what released the 
dewatering. Was it an earthquake, as in other instabilities 
hidden in sediments? In contrast, the calcareous cone-in- 
cone concretion resembles “pyrite suns” by its discoid and 
centripetal growth along the median plane. 

While in septaria it was the soft heart that shrank, counter- 
septarias show the crack pattern on the outside of the con- 
cretion or concretionary bed. The solution to the Pliocene 
specimen (courtesy of Sue Kidwell) came from a photograph 
made in the tailings of a Surinam bauxite mine, where toxic 
muds had developed an indurated crust under the tropical 
sun. When turned over, fragments revealed patterns that could 
have passed as artifacts of an ancient culture. Yet they are 
simply the products of sequential cracking. The first genera- 
tion of cracks formed a polygonal pattern, the second gen- 
eration was constrained by the first, forming perfect spirals, 
and the third was conchoidal within the spiral frame. So the 
final picture resembles the section through a Nautilus shell, 
complete to the vaulted septa. The basis for this miracle of 
self-organization is the gradational transition from a hard to 
a shrinkable matrix, so that fragments could not defoliate - 
just like the heart of a septaria, but with an opposite gradient. 
Not figured are other examples. In a variant from the Upper 
Ordovician of China (compared with Squamodictyon; Pl. 55), 
cracks of the first generation are subparallel and those of the 
second one form straight crossbars at smaller distances, just 
like the “septa” in the spiral version. On a small spherical con- 
cretion described by the late Alfred Eisenack there was room 
for only one generation of counter-septarian cracks; they fol- 
low the pattern of a perfect dodecahedron. 

The last example is a block of Jurassic oil shale cracked by 
blasting. Because of its elastic properties, the cracks propa- 
gated in a rhythmically conchoidal fashion, as observed along 
the edges of a flint hand ax. What might the Neanderthal 
man have thought when he made it? Certainly not the same 
as the paleontologist that created the name “Mishanichnus”! 
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Plate 60 
Tectograms 


Diagenesis is not the last stage in vvhich fossil-like struc- 
tures can be added to the rock record. This is shown by 
the following examples. 


“Vermiforma” Under the name Vermiforma antiqua, Preston 
Cloud described what he considered to be the USA's earliest 
animal fossils. Found on a bedding plane beneath a 
620 million years old turbidite, the impressions looked to him 
like worms that were anchored by their tail ends in the mud. 
Later workers (including myself) reinterpreted them as trace 
fossils, because what Cloud had interpreted as scales resemb- 
led meniscoid terminal backfill structures (Pl. 37). The true 
nature of these impressions was revealed by the strange fact 
that a dozen of them exposed on the large slab (now in the 
Smithsonian Institution, Washington) all show an identical 
pattern: a meat hook, a kink, and a pretzel. Neither this con- 
gruence, nor the identical orientation of all “signatures”, can 
be explained by spaghetti-like bodies being swept and curled 
by currents or by a complex burrowing behavior. There must 
have been a complex movement of two rock layers relative to 
each other parallel to the bedding plane. 

As the signatures also vary in proportions, the sand grains 
producing them were not fixed in one bed; rather they rolled 
relative to either bed, as Hans Luginsland simulated with balls 
of modeling clay between moving glass plates. The experi- 
mental tracks show the same variation in the proportions of 
an otherwise identical pattern. It results from irregularities 
in grain shape controling friction on the upper or lower bed. 
The simulation also produced the “backfill” structures, be- 
cause rolling of irregular balls is a differential process in which 
meniscoid contours are expressed behind the object. In the 
original rock slab the meniscoid structure is preserved not 
only as relief, but also by shading. This could mean that the 
tectonic shearing was slow enough to cause pressure solu- 
tion at every station of the rolled grain. 

The new interpretation of “Vermiforma” removed one 
of the oldest records of assumed metazoans. At the same 
time it demonstrates that in folded rocks the movements 
along bedding planes did not always follow a straight 
course perpendicular to the fold axis. 


Other Tectograms (photo). Repetitive scratch patterns have 
also been found on bedding planes of the Permian Kup- 
ferschiefer in northern Germany. They do not either show 
the unidirectionality of normal slickensiding; nevertheless 
their repetiveness excludes comparison with trace fossils. 
It is also interesting that in this case the associated patterns 
are congruent. This means that the sand grains did not 
roll, but remained firmly anchored in the overlying bed. 


Trace Fossils Indicating Lateral Deformation. In this context, it 
should be mentioned that regularly shaped trace fossils may 


also record the plastic deformation of the host sediment 
before it became lithified. In the Upper Cretaceous to Eocene 
turbidites, originally circular graphoglyptids (e.g., Loren- 
zinia, Pl. 54) are commonly elongated in the direction of 
the paleocurrent. This could be partly due to lateral com- 
paction on a paleoslope exposed to contour currents. A large 
slab (cast in the Tübingen Geology department and in FOS- 
SIL ART) shows several Paleodictyon systems; but only in 
one of them are the regular hexagons compressed in the 
direction of the current. In all these cases (including truly 
tectonic deformation), trace fossils are more reliable gauges 
than deformed body fossils, because they had the same 
consistency as the host sediment. 

Another useful strain gauge are the vertical tubes of 
Skolithos (=Tigillites). While they are morphologically un- 
differentiated and stratigraphically useless, their mass oc- 
currence in high-energy sands makes them good facies in- 
dicators (Pl. 71). In folded sequences, such “pipe rocks" re- 
flect the shear parallel to bedding planes by their obliquity 
in vertical sections, particularly in layers that were less com- 
petent by the time of deformation. As seen on bedding 
planes, the circular cross sections of the tubes are also de- 
formed, although this would not be predicted by a pure shear 
model (think of a pile of coins). In some localities, the di- 
rections of inclination and cross-sectional deformation do 
not coincide. So the deformation happened when the sedi- 
ment was still compactable, with a down-slope vector. Shear 
deformation, however, could happen as long as there was a 
mechanical anisotropy parallel to bedding. 


m Spiked tectogram (Permian Kupferschiefer, Germany) 
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Earliest Trace Fossils 


Plate 61 
Pre-Ediacaran 
Dubiostructures 


Plate 62 
Ediacaran Sole Features 


Plate 63 
Traces of Early Molluscs 


Plate 64 
Treptichnus pedum 


Plate 65 
The Cambrian Revolution 


T fossils of the Precambrian and the Proterozoic/Cambrian transition de- 
serve a chapter of their own, because this deep in time (1) the questions to be 
asked change considerably, and (2) environmental conditions were possibly dif- 
ferent from later periods. In Phanerozoic rocks we can afford to pick the most 
telling kinds of trace fossils and neglect the poorly defined or dubious ones. In the 
Precambrian, however, even the poorest trace becomes important as a testimony 
for the presence and activities of a multicellular animal. On the other hand it is 
essential to eliminate pseudo-trace fossils (Chap. XII) that owe their origin to merely 
physical, microbial, or geochemical processes. 

As we have seen in the previous chapter, the key feature of Precambrian sea 
bottoms was their microbial seal. In the absence of bioturbation, the mucous sheaths 
of cyanobacteria did not only form a coherent organic film, but also glued together 
the upper millimeters of sand. The former presence of such biomats and biofilms 
can be inferred from particular sedimentary structures. Among these are palimp- 
sest wave ripples, in which the tops of earlier event layers have been overlain by 
ripple sets of the next storm (often with a different orientation) without becoming 
eroded and amalgamated. Biomats have also been involved in a variety of vexing 
pseudo-tracefossils (Pl. 58). 

The ubiquity of biomats also had important ecological consequences. For in- 
stance, the microbial seal reduced the recycling of organics, which increased source 
rock potentials compared to later sediments of equivalent facies. Also, animals 
crawling over the sediment surface failed to leave trails - except for the raspings of 
radular teeth (Pl. 63) and resting traces of mobile vendobionts (Pl. 62). On the 
other hand, the indurated surface of otherwise soft sands allowed epifaunal organ- 
isms to employ lifestyles that were later restricted to rockgrounds. 

Microbes are also responsible for the unique preservation of Ediacaran body 
fossils. As pointed out by Jim Gehling, carcasses became immediately coated by 
bacterial films. Their mineralization led to a kind of “death masks” that preserve 
external morphologies of fully softbodied organisms in all details. As this hap- 
pened. in sands and silts, the impressions are not even flattened by compaction. 
Nevertheless the taxonomic affilation of Ediacaran fossils remains a matter of de- 
bate. In my own interpretation (Vendobionta Hypothesis), the vast majority repre- 
sents giant unicellular rhizopods that compartmentalized their multinuclear pro- 
toplasm by regular quilting of a flexible and expandible outer wall and a sandy fill 
skeleton. 

The beginning of the Phanerozoic is commonly referred to as the “Cambrian 
Explosion”: vendobionts disappeared and nearly all animal phyla with hard skel- 
etons appeared within a few million years after the end of the Proterozoic. In the 
earliest phase, their preservation was favored by another time-specific preservational 
window: the tendency of small mineralized skeletons to become diagenetically 
phosphatized. This makes it possible to etch “small shelly fossils” from the carbon- 
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ate matrix with weak acids. Shells of early molluscs, bra- 
chiopods and other phyla are thus known in consider- 
able detail. Somewhat later in the Early Cambrian, lager- 
staetten of the Burgess Shale type make their appearance 
(Chengjiang, China; Sirius Pass, Greenland). Along with 
the mineralized skeletons of trilobites and brachiopods, 
they preserve the flattened cuticles of various arthropods, 
worms, early fish and perhaps even jellyfish. 

On this background, one might suspect that the Cam- 
brian Explosion is largely a preservational artifact. The 
acquisition of mineralized skeletons - and thereby in- 
creased preservability - has undoubtedly been a key in- 
novation, particularly since it also allowed for novel 
bauplans and new lifestyles, including predation. So the 
Early Cambrian marks the end of the peaceful “Garden 
of Ediacara” and the beginning of the “arms race" between 
predator and prey species, which has ever since remained 
a major driving force for evolutionary transformations. 

The transition from matgrounds to mixgrounds was 
due to bioturbation of the sediment by burrowing organ- 
isms. Before this “Agronomic Revolution” (Pl. 65), burrow- 
ing animals had been rare and restricted to the zone just 
below the biomats (undermat mining, ۲1. 49). Neither did 
Precambrian burrowers employ the elaborate behavioral 
programs that account for the distinctiveness of later bur- 
row systems. Nevertheless, Latin names have been gener- 
ously given to traces that would have passed as “nonde- 
script” in Phanerozoic rocks; therefore lists of published 
names tend to exaggerate diversity compared to later 
ichnocoenoses. However, despite their low morphologic 
resolution, Precambrian trace fossils are uniquely impor- 
tant as witnesses of earliest metazoan life - provided that 
a nonbiological or non-metazoan origin can be excluded. 
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Plate 61 
Pre-Ediacaran Dubiostructures 


According to a general consensus, metazoans made their 
appearance no earlier than 600 to 800 million years ago, 
probably only after the Minoan snowball earth event. Ac- 
cordingly, one must be extremely critical towards trace 
fossils older than that. The long list of potential animal 
traces, described from the Neoproterozoic in various 
parts of the world, is in urgent need of revision. In 
such an effort, some claims will inevitably turn out to be 
physical structures; others may have been wrongly iden- 
tified (for instance by disregarding preservational as- 
pects) with much later forms, while still others may be 
algal body fossils. 

In this and the following plate we shall discuss only a 
few examples of Precambrian sedimentary structures 
whose biogenic (metazoan) interpretation is in conflict 
with the radiometric ages of the host rocks. 


Chorhat “Worm Burrows’ The report on these structures 
in 1998 raised a fierce discussion, because the Chorhat 
Sandstone of central India, in which they occur, had been 
dated at 1100 (and1500 million years by subsequent 
workers) - much older than the assumed origin of the 
metazoans. Thus the claim that they were made by worm- 
like (and presumably triploblastic) animals in sediments 
almost three times the age of the Phanerozoic called for 
rigorous testing. The following questions came up. 

(1) Could these structures be pseudofossils? As shown 
in the previous chapter, syneresis can produce structures 
that may easily be mistaken for worm burrows. “Man- 
churiophycus" (Pl. 58), for example, is very common 
on rippled tops of the Chorhat Sandstone; but it fun- 
damentally differs from the alleged burrows with regard 
to preservation as well as morphospace. Chorhat struc- 
tures are not keeled epichnial ridges following ripple 
troughs, but epichnial grooves with a rounded profile 
and without a regular relationship to the relief of the 
bed surface. Second, they are neither smoothly curved, 
nor pinched where they abut against another element, 
but wiggle irregularly and merge broadly at branching 
points. 

Gas bubbles may also produce burrow-like structures; 
but gas escapes are usually vertical, mimicking Skolithos. 
If trapped underneath a biomat (the model proposed for 
“Kinneyia”, Pl. 58), bubbles could move parallel to the 
bedding plane, but always uphill on a rippled surface. 
Nor could bubble tracks branch at nearly right angles. 
There was no physical process known that could pro- 
duce the observed patterns. So the Chorhat burrows were, 
by exclusion, considered as biogenic. 

(2) Could these burrows have been produced by mod- 
ern animals? In fact, a modern origin - either by ter- 
mites or plant roots - was initially suspected for the 


Chorhat structures, because they are only found on bed 
surfaces that had been exposed to weathering under a 
thin cover of soil - never on fresh rock. Plant roots, how- 
ever, can etch calcareous rocks but not a hard sandstone, 
which would also be difficult for insects to scratch. In 
one place (arrow in block diagram) the burrow is still 
covered by a little piece of original sandstone. So the 
burrows are as old as the rock; but slight weathering is 
necessary to expose them. This would fit the lifestyle of 
an undermat miner (Pl. 49). 

(3) New experiments (Bons, Plüger and Seilacher, in 
preparation) suggest a solution. At a critical diameter, 
films of pure water form between adjacent bubbles. They 
have less surface energy than walls of equal size contain- 
ing sediment. Approach to this threshold by growing 
bubbles leads to *Kinneyia" (Pl. 58; now called “peanut 
blisters” because the type specimen of Kinneyia shows 
microripples rather than gas bubbles), whereas larger but 
shrinking bubbles may end up as Chorhat structures. 
Their foam menisci may also shift within bubble strings 
and thus produce a burrowlike structure without gravi- 
tational control. 

In conclusion, Chorhat structures would pass as worm 
burrows in later rocks. Only because of the radiometric 
ages a non-biological origin must be considered. 


Sterling Biota. The still older hairpin structures from the 
Sterling Quartzite of western Australia defy a physical 
origin. Preserved on bed tops, they have been explained 
as trails of minute flatworms with borders of displaced 
sediment (see Climactichnites, 1: 63 for a much larger 
analog). This, however, does not explain why the borde- 
ring ridges are always connected only at one end and why 
the enclosed areas do not differ from the surface around. 
Alternatively one could interpret the string itself as an 
agglutinated microorganism. But why should it have the 
shape of a hairpin? 


Horodyskia. These “strings of beads” have been found in 
rocks of similar age of North America and Australia. They 
are certainly biogenic, but difficult to explain. The 
drawing was made from a rubber cast, so the relief is 
reversed and will be referred to as if it were a hyporelief. 
The strings are aligned, presumably along a current 
coming from the lower side of the picture. This excludes 
a trace-fossil interpretation. The rows of shallow im- 
pressions across current direction could be minute flute 
casts. Similar scours connect the beads, which are sharply 
impressed in opposite relief. But because there are no 
such scours at either end of the string, scouring must 
have been induced by connecting structures rather than 
in the shadow of the beads. 

In conclusion, no undoubted metazoan trace fossils 
are known before the last Neoproterozoic glaciation 
(snowball earth). 
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Plate 62 
Ediacaran Sole Features 


Precambrian trace fossils almost exclusively reflect horizon- 
tal motion, while vertical bioturbation was virtually absent. 
This does not mean that all trace makers were epifaunal. In 
fact, the general rule that surface traces have a very low pres- 
ervation potential was at that time modified by the ubiquity 
of biomats: except for scratches made by hard organs, soft- 
bodied epibenthic animals did not leave tracks to begin with! 
Consequently we could assume that trace fossils other than 
Radulichnus (undertraces Pl. 63) were made by infaunal 
undermat miners burrowing along bedding planes. 

Why did these animals not penetrate deeper into the sedi- 
ment? An obvious answer is that there was no need to escape 
predators. But there still was the menace of physical perturba- 
tions. Other explanations would be the steep oxygen gradient 
in matgrounds and the unability of early burrowers to pro- 
duce and ventilate open tunnels. In fact, U-burrows have not 
yet been found in Precambrian rocks. Instead, most burrows 
shown on this plate suggest undermat miners. Backfilled bur- 
rows (Aulichnites, Pl. 29; Nenoxites, Pl. 32) support this view. 


Aulozoon. Everybody knows the reciprocal preservation po- 
tential of body versus trace fossils: a sandstone series may 
contain thousands of trilobite burrows and no trilobite, 
while a contemporaneous limestone yields an abundance 
of trilobite carapaces, but not a single burrow. In Precam- 
brian rocks, however, there is no such divergence. Because 
animals had no mineralized hard parts, body as well as trace 
fossils are mainly found as impressions on bedding planes 
covered by biomats. 

On the figured sole face of a South Australian tempestite 
(found by Jim Gehling) we see a rich assemblage of quilted 
vendobionts. Are they washed together by a storm or bur- 
ied in life positions? First one notes elephant skin struc- 
tures indicative of microbial mats (Pl. 58). The sharp posi- 
tive hyporeliefs of the elongate Phyllozoon (their uniform 
sizes suggesting a single generation) are not aligned or ac- 
cumulated by current; rather they show a tendency to “hug” 
one another. In contrast, associated Dickinsonia lacks re- 
spect for other organisms; it is preserved only as phantoms, 
suggesting that its stiff septa (but not the margin) were 
pressed through from a higher level. All this speaks for a 
smothered matground, in which Phyllozoon grew below the 
biomat and Dickinsonia lived on top. 

The third fossil, Aulozoon (informal name), clearly be- 
longs to the undermat tier. Instead of being quilted in the 
style of vendobionts, it looks like a smooth sand-filled sau- 
sage that has become flattened by compaction. Sand, how- 
ever, is hardly compactable (remember the fillings of mud 
cracks, Pl. 2). So the cross section was probably flat from 
the beginning. One also notes that Aulozoon does not be- 
have like a hydrostatic sausage, whose outline should be 
smoothly curved and have sharply defined endings. Instead 


it tends to wiggle and to contour Phyllozoon when meeting 
it obliquely, but passes under or over it in a head-on ap- 
proach. Such behavior would agree with the trace of an 
undermat miner that bulldozed along instead of repeatedly 
probing. Nor did it penetrate Phyllozoon bodies in its way. 
Flatworms would fit this description. On the surface they 
move by spreading their own mucus carpet, against which 
the ciliary epithelium can act. Translated into an infaunal 
lifestyle, this kind of locomotion would produce a flattened 
mucus sausage, into which the processed sand is backfilled. 
Obviously this model is still hypothetical; but as flatworms 
are still living today, it is more testable than the idea of an- 
other strange organism. 


Radulichnus. This trace will be discussed in more detail in 
Pl. 63. The slab from Australia (after a photograph by Jim 
Gehling) shows the trace maker’s (Kimberella) smooth dor- 
sal death mask and its neglect for a next-door vendobiont 
(Dickinsonia). 


Palaeophycus. These burrows resemble the Chorhat struc- 
tures (Pl. 61), except that they are preserved in negative 
hyporelief. Their age also fits wormlike undermat miners 
that avoided the nearby Tribrachidium, probably a sponge- 
like organism attached to the top of the biomat. 


Mawsonites. The crescentic backfill structure in the central 
shaft of this positive hyporelief is in conflict with the origi- 
nal interpretation as a jellyfish. The fossil also resembles 
radial burrow systems (Pl. 47); but as such deep penetration 
and complex behavior program would be unusual for 
Ediacaran times, comparison with the pseudofossil “Astro- 
polithon” (Pl. 58) is more adequate. Alignment of the“probes” 
along radial cracks speaks for a non-biological origin. 


Dickinsoniid Resting Traces. The discovery of Yorgia (preserved 
as negative hyporelief) at the end ofa series of fitting resting 
traces (with opposite relief) changed our view of vendobionts. 
Impressions of the trace maker’s quilting (arrow; clearer in 
other specimens) leave no doubt about authorship. Later, 
the same kind of traces was found in Australia, together 
with the closely related Dickinsonia. Obviously, these epi- 
faunal vendobionts were not firmly attached to the biomat 
(elephant skin structures). 

Yet there are important differences from other resting 
traces (Chap. V): (1) As shown by the broken outline, the au- 
thor contracted upon being smothered. (2) The traces show 
no scratches. Instead, the trace has a bumpy surface reminis- 
cent of load casts. This would fit digestion of the biomats by 
the minute pseudopodia of a giant protist. (3) There is no 
trail connecting the resting traces, i.e. the weight of the or- 
ganism was not sufficient to deform the sediment. 

In conclusion, the biomat was essential not only for form- 
ing a dorsal death mask of these vendobionts, but also for 
the origin and preservational history of their resting traces. 
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Plate 63 
Traces of Early Molluscs 


Thanks to the presence of matgrounds, Ediacaran biota 
provide us with an unusual record of stem-group molluscs 
and their grazing behavior. 


Trace Fossils. Let us start with specimens from Saudi Arabia. 
In this case, the hypichnial radula scratches are associated 
with desiccation cracks and with trilobite burrows (Cruzi- 
ana sp.). They make it clear that we deal with post-Pro- 
terozoic intertidal sandstones of Cambrian age. The 
scratches are bifid (inset), somewhat deeper on their distal 
sides, and connect into continous meanders. Except for their 
giant size (up to 12 cm wide), they resemble the grazing 
produced by modern gastropods on the algal film of an 
aquarium wall. This pattern results from the combination of 
a pendular swinging of the head with forward motion of the 
whole body. In contrast to Psammichnites gigas with its 
swinging snorkel, however (Pl. 27), locomotion was discon- 
tinuous: the animal moved one step ahead at the end of each 
swing, so that meander loops retain a constant separation. 

Meandering radular bites (Radulichnus) have been de- 
scribed before from surfaces of fossil shells. Like modern 
radular traces, they are much smaller than the ones from 
Arabia, whose giant size also implies a preservational di- 
vergence: on soft mud, the delicate scratches should prop- 
erly have been erased when the heavy body bulldozed over 
them. That this did not happen can only be explained by 
the original presence of a biomat that made the sediment 
surface strong enough to carry the body without being de- 
formed, while it could be scratched by the hard radular teeth. 

This model can be directly applied to the upper Protero- 
zoic (Ediacaran) Radulichnus from the White Sea, where 
the presence of a biomat is indicated by elephant skin struc- 
tures (Pl. 58). Yet, there remains the basic difference in the 
trace pattern: why should the swing regularly widen away 
from the origin like a fan, instead of forming a continuous 
meander band? Here the bulldozer model must be replaced 
by that of a stationary crane, whose swing becomes wider 
with increasing distance of the shovel from the fixed base. 
Being equipped with a long proboscis, the animal could re- 
main stationary while grazing. Nevertheless it left no trace 
when moving to a new site, because the biomat was strong 
enough to carry its body. 


Body Fossils. In reconstructing the Ediacaran trace maker, 
another preservational effect of sandy biomats comes 
handy: by inducing mineralization immediately after burial, 
the microbes produced what Jim Gehling has appropriately 
called“death masks” of otherwise unpreservable soft bodies. 
This effect accounts for the negative hyporelief of most 
Ediacaran vendobionts (Pl. 62); but it may also apply to other 
soft-bodied organisms. In the Radulichnus from S. Australia 
(Pl. 62), the associated death mask is smooth, because it 


shows the upper side of the carcass. This explains why it 
was originally described as a cubomedusa under the name 
Kimberella. The White Sea death masks, however, show the 
more differentiated ventral sides of the same organisms. Their 
outer rims correspond to the margin of a dorsal hood, which 
was not yet a rigid shell, because its outline is sometimes softly 
indented. Still following the limpet model, an inner crenulated 
ring may correspond to gills or the margin of a flat foot whose 
circular muscles shrank segmentally upon death, while the 
weaker central sole became secondarily pressed upward into 
the intestinal cavity during later stages of necrolysis. Where 
this did not happen (uppermost specimen), one can still 
see its original transversal wrinkling. 

A stumbling block in the correlation between Kimberella 
and the associated Radulichnus are the different size ranges. 
While Kimberella measures from a few millimeters to 8 cm, 
associated scratch patterns fit only the largest body fossils. 
This can be explained as an undertrace effect: smaller 
scratches simply did not penetrate deep enough into the 
sandy biomat to be recorded at its base. 

Accordingly, Kimberella can be reconstructed as a kind of 
“soft limpets”. Today, this lifestyle in represented by certain 
gastropods, polyplacophorans and holothurians, but only on 
rockgrounds. Yet, Precambrian sandy biomats have probably 
been sufficiently tough to allow a similar mode of life,in which 
the broad sole with its stronger rim could act as a sucker in 
case of emergency. With the hood being pressed tightly to 
the substrate, the animal could also become smothered in 
place during a storm, without sand entering the gill slit around 
the foot - a prerequisite for the formation of the ventral death 
mask. With this evidence, the affiliation of Kimberella can be 
narrowed down. Of all known Early Cambrian molluscs, the 
strange halkieriids come closest to our reconstruction of 
Kimberella and its radular traces. 


Climactichnites. In the case of the Cambrian Radulichnus 
there are no death masks of the trace maker. In their stead, 
trails of equivalent size (Climactichnites) have been found 
in Cambrian sandstones of similar age in North America. 
They resemble motorbike tracks on the rippled sand of a 
modern beach. Climactichnites has not yet been found out- 
side North America, but it corresponds to the Arabian radula 
scratches not only in size. Its V-shaped corrugations 
(opening in the direction of movement) and marginal piles 
of sand also suggest a gastropod-like molluscan foot that 
pushed the animal ahead by waves of muscular contraction. 
In other cases, Climactichnites is preserved in the form of 
positive hyporeliefs (specimen from New York). Some of 
these trails start abruptly, as if the animal had been dropped 
from the water column; but in an undertrack scenario it 
might have simply dug to the interface before plowing along 
by muscular waves. Near the starting point, one also 
observes a much finer concentric lineation, which probably 
reflects and the ciliary progression of the rear edge of the 
foot and thus fits the outline of a Kimberella-like halkieriid. 
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Plate 64 
Treptichnus pedum 


As we have seen throughout this book, most “worm” burrows 
are rather useless for stratigraphic correlation, because they are 
either too featureless, or because similar behavior patterns may 
have evolved independently in different clades. Yet, the trace 
fossil shown here should be familiar to every stratigrapher, be- 
cause its first appearance has been chosen to define the bound- 
ary between the Proterozoic and the Phanerozoic eras. In order 
to convey a feeling for the variability, biological purpose and 
ichnotaxonomic affiliation, we devote a whole plate to it. 


Hypichnial Preservation. The feature that distinguishes 
Treptichnus pedum from ordinary worm burrows is its 
subdivision into modular segments. They look like buds 
along a twig, while the burrow as a whole does never branch, 
but may follow a straight, sinusoidal, or coiled course. 

Although backfill lamination has not been verified inside the 
hypichnial ridges, we probably deal with the rhythmical probing 
and backfilling action of a wormlike animal. We may also assume 
that it was an undermat miner, because its burrow as a whole 
strictly follows the bedding plane without ever probing into the 
underlying mud layer. The main activity was in the thin sand layer 
on top, where the animal probably emerged to the surface in every 
segment. So the trace may be described as a series of small 
teichichnoid backfill bodies with U-shaped contours, arranged 
along a continuous path that did not necessarily remain open. 

The affilation of this ichnospecies with Treptichnus is 
arguable. Because the probing somewhat resembles that of 
Phycodes (Pl. 45), T. pedum was originally affiliated with this 
ichnogenus, while the species name refers to the similarity 
of coiled forms with the bishop's crosier (pedum) of Chris- 
tian tradition. Examination of more extensive material (for 
instance from the Upper Vendian or lowermost Cambrian 
of South Africa) shows a considerable variability. Among 
the bedding planes (cast on a local farmer's terrace), some 
show disjunct impressions, because only the deepest parts 
of the U-shaped segments reached the interface. 

The straight variant (A) appears to be current-induced, 
because burrows are aligned and run in the same direction 
(upward in the drawing), perpendicular to the ripples 
pressed-through from a higher level. On another bedding 
plane at the same locality (B), burrows show sinusoidal pat- 
terns. As they are found in different sizes, each individual 
must have produced many such systems throughout life. 

Occurrences at higher levels of the Lower Cambrian (C, D), 
the Middle Cambrian (E), and the Lower Ordovician (F) show 
a similar variability, although a particular pattern may pre- 
vail at any one site. One end member resembles the "feather 
stitch" pattern of typical Treptichnus, while coiling becomes 
extremely tight in the Grand Canyon (E). 

Because no clear trend can be observed through geo- 
logic time, it is probably wisest to maintain one name 
(Treptichnus pedum) and perhaps to distinguish the vari- 


ants by informal terms or as ichnosubspecies. Neverthe- 
less, this trace is sufficiently distinctive, common and widely 
distributed to use its first occurrence as a marker for the 
Precambrian/Cambrian boundary - even though it does not 
yet represent the new, truly bioturbational style of burrow- 
ing that led to the high diversity of Cambrian ichnocoenoses. 


Epichnial Preservation. Treptichnus pedum is usually found in 
positive hyporelief preservation, where the cavities made in 
the underlying mud have been actively backfilled with sand 
from the layer above. On sandstone tops, one should expect 
corresponding negative epireliefs, in which mud from above 
was actively introduced into the sand layer. Apart from this 
reversal, one should also expect that the upper parts of the 
burrow system (i.e. the distal branches) are more pronounced 
thantheaxial parts,which normally remain hidden in the sand. 

Such structures actually occur in the Middle Cambrian of 
the Grand Canyon under the name Bicavichnites. They were 
tentatively interpreted as trackways of early lobopods. Given 
that we mostly deal here with two rows of alternating im- 
pressions, this view is understandable. On the other hand, 
footprints in epichnial arthropod undertracks are usually 
narrow slots rather than broad furrows, because sand closes 
in again after the impression has been pierced. The figured 
specimen, however, also preserves the sandy fills of a central 
shaft and some proximal branches. These structures indi- 
cate a long, worm-like tracemaker. Therefore Bicavichnites 
likely represents straight burrows with alternating branches 
andis here considered as a preservational variant of T. pedum. 


Stratigraphic Implications. Stratigraphic boundaries must be 
defined by stratotypes that can be referred to in other 
sections. Working groups of the International Correlation 
Programs democratically decide, in which country and at 
what level to put the *Golden Spike". Nevertheless such 
decisions have a subjective (if not political) element. 

Of the many changes that took place in the transition from 
the Proterozoic to the Phanerozoic Era, the onset of vertical 
bioturbation is just one. Treptichnus pedum has the advan- 
tage that it is distinctive, common and can be recognized in a 
variety of facies. On the other hand,it could be argued whether 
this burrow really represents vertical bioturbation or just a 
more sophisticated mode of undermat mining. 

Thus it is not surprising that the first appearance does not 
exactly coincide with other bioevents, such as the disappear- 
ance of the formerly ruling vendobionts, the radiation of 
"small shelly fossils", and eventually of the trilobites. In fact, 
Treptichnus pedum has lately been found in association with 
the last vendobionts in Australia and Namibia. Thus it is for- 
mally true to say that these strange organisms survived into 
the Early Cambrian, even though their extinction, and with 
itthe demise of the Ediacaran ecosystem, was certainly more 
decisive. Possibly geochemical or paleomagnetic excursions 
would in this case be better chronometers than guide fossils; 
butunfortunately they cannot be recognized right in the field! 
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Plate 65 
The Cambrian Revolution 


The Nature of the Revolution. The term “Cambrian Explo- 
sion” refers to the almost sudden appearance and di- 
versification of animal phyla at the beginning of the 
Cambrian Period. The advent of hard and stiff skeletons 
favored fossilization potential as well as the differen- 
tiation of new designs; but it also changed the trophic 
structure of communities. One way to escape the new 
menace of predation was to become infaunal. Combined 
with deposit and sediment feeding, bioturbation (in 
which animals too small to leave recognizable traces were 
also involved) put an end to matgrounds and to biomat- 
related lifestyles, but not to the microbes. Instead of organizing 
themselves into mats, they now encrusted individual sand 
grains, which were moved up and down in the sediment 
by bioturbation. In such mixgrounds, the biologically 
active zone is much thicker than in matgrounds. Ac- 
cordingly, microbial productivity could increase to a level 
that compensated for the loss caused by cropping. Only 
in environments hostile for metazoans could the 
microbes continue their Precambrian lifestyles to the 
present day. 

In this perspective, the explosive radiation of meta- 
zoan phyla in the Early Cambrian is only one aspect of a 
more profound ecological turnover. Its effect on the 
whole biosphere can be compared to the agronomic revo- 
lution caused by our own species. In both cases, produc- 
tivity became increased by sediment mixing. At the same 
time, intensified cropping reduced the sink of organic 
matter into the lithosphere. As a consequence, source 
rocks for hydrocarbons became restricted to sediments 
that were spared from this development by anoxia. The 
increased recycling must also have influenced the chem- 
istry of the hydro- and atmosphere. Thus, when we study 
trace fossils in the Precambrian/Cambrian transition, we 
register the very processes that contributed to the chief 
biohistoric event in the last billion years. 


Puncoviscana Formation: The Revolution Spreads into 
Deepsea Environments. Neither the radiation nor the 
ecological revolution were globally instantaneous. Both 
started in shallow marine environments, from which they 
spread into other aquatic realms. 

Because there is no reliable biostratigraphic measur- 
ing stick, the conquest of rivers and lakes is difficult to 
pin down. Yet, the occurrence of small crustacean rest- 
ing tracks (cf. Isopodichnus; Pl. 23) in redbeds with salt 
pseudomorphs (Lower Cambrian, Pakistan) and of 
crowded worm burrows in a fluvial sequence (Hasawna 
Formation, Libya) suggests that the conquest happened 
already by Cambrian times. 

The same applies to the conquest of deepsea bottoms, 
as shown by the trace fossil record of the Puncoviscana 


Formation of Argentina. This turbiditic series is prob- 
ably several thousand meters thick; but tectonization 
makes it diffcult to measure and correlate continous 
sections. While the base of the series is ill defined, its 
Lower Cambrian age is constrained by the trace fossil 
Syringomorpha nilssoni (Pl. 41) that occurs in the uncon- 
formably overlying shallow marine sandstones (Mesön 
Group). 

On this background it is remarkable that the Punco- 
viscana Formation contains two radically different 
ichnocoenoses. The presumably older one is dominated 
by the undermat mines of Oldhamia, whose burrowing 
programs are much more complex than in Ediacaran tur- 
bidites and differ from one outcrop to the other (Pl. 49). 
A Cambrian rather than Ediacaran age is also indicated 
by associated rare arthropod tracks. The second assem- 
blage, shown on the present plate, is not only more di- 
verse and more disparate, but also more closely related 
to contemporaneous shallow water communities. 

The “lasso trail” Psammichnites gigas behaves like its 
neritic counterparts (Pl. 27), although it is smaller and 
only the bottom relief is preserved. Similarly, the alter- 
nating series of burrow openings may be interpreted as 
a preservational variant (Bicavichnites or Saerichnites) 
of Treptichnus pedum (Pl. 64). More unusual is a closed 
circle of tunnel openings with an inner continous ring. 
Unfortunately the original is cemented into a sidewalk 
in the beautiful town of Salta, so it is impossible to de- 
cide by serial sectioning whether we deal with a variant 
of Treptichnus (T. coronatus) or a teichichnoid burrow 
like Heliochone (Pl. 41). 

More akin to later flysch ichnocoenoses are the “cau- 
tious” meanders of Psammichnites (“Nereites”) saltensis. 
Its bilobed meanders are preserved as negative hypo- 
reliefs. Nevertheless, the associated trilobite footprints 
(Diplichnites) - certainly representing a shallower tier - 
have not been wiped out by the later meanders. This para- 
dox is explained by a Psammichnites mode of burrow- 
ing, in which laminae above the burrow become elevated 
without destroying older signatures (Pl. 27). 

Other strange elements of this assemblage are discon- 
tinuous trackways (Tasmanadia). Like other tracks of 
"jumping" arthropods (Pl. 7), they consist of a distinc- 
tive pattern of footprints that repeats in a disjunct se- 
ries. While these tracks cannot yet be referred to a par- 
ticular maker, they indicate that the radiation of strange 
arthropods in the Cambrian Explosion (as indicated by 
Chengjiang body fossils) was not restricted to shallow 
marine habitats. 

In summary, the trace fossils of the Puncoviscana For- 
mation carry several important messages: (1) Metazoans 
invaded deepsea bottoms already in the late Proterozoic. 
The lifestyle of the characteristic burrowers (Oldhamia 
recta, Pl. 49) suggests that at that time these bottoms were 
sealed by microbial mats, even though photosynthesis > 
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could not take place below the photic zone. (2) The 
Oldhamia deepsea community radiated in the earliest 
Cambrian with the same characteristics (small size, in- 
tensive coverage), but without the disparity of mature 
post-turbidite associations of later flysch ichnocoenoses. 
(3) The delayed arrival of the Agronomic Revolution in 
deepsea environments is marked by a richer ichnoco- 
enosis in which burrows are still large and closely re- 


lated to contemporaneous shallow-water faunas. Yet sedi- 
ment feeders show a tendency towards more complex 
search behaviors. (4) Graphoglyptid farming burrows 
(Pls. 52-55) of the pre-turbidite association (which would 
be preserved on turbidite soles) are still lacking. They 
occur in shallow marine ichnocoenoses of Cambrian 
times, but make their appearance in deepsea deposits 
only in the Ordovician. 
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Plate 70 
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he origin of paleontology as a science, as well as its traditional affiliation with 

earth sciences, derives from the use of fossils as stratigraphic markers. Index 
species define biozones and stages, while series are marked by the appearance or 
disappearance of higher taxa and era boundaries by mass extinctions. Although 
biostratigraphy is not implicitly based on evolutionary theory, the taxa used should 
be short-ranged and phyletically coherent. As we have seen, most trace fossils fail 
to meet these requirements, because different organisms may produce similar traces. 
Nor does current ichnotaxonomy capitalize makership: similar trace fossils, it is 
claimed, should bear the same name, no matter what kinds of animals made them. 
As such an attitude is unacceptable for a paleobiologist, I have tried throughout 
this book to focus on the biological identity of the trace maker as far as possible. 
Where this could not be done (e.g., in arthrophycids, Chap. IX), biologically coher- 
ent “ichnofamilies” have nevertheless been singled out as more or less coherent higher 
units. On the level below ichnogenera (which have practically become the funda- 
mental units) it would be desirable to take the ichnospecies level more seriously. As 
this would have required a much more profound review of all the literature (papers 
that are otherwise irrelevant in this context may still contain new names!) and since 
many ichnogenera simply do not have enough diagnostic features to justify subdi- 
vision, weeding at the ichnospecies level has not been attempted. 

Yet, biological identity is not only of academic interest. For biostratigraphic 
purposes it is necessary to select groups of trace fossils that are not only geneti- 
cally coherent, but also provide sufficient morphological complexity to make mean- 
ingful distinctions at the ichnospecies or even an ichnosubspecies level. One such 
group are vertebrate tracks, which can be reasonably correlated with taxa known 
from skeletal remains (Pl. 1). Another example are the arthrophycids (Chap. IX). 
While floating taxonomically as a whole, they are generically distinct from other 
worm burrows and evolved sufficiently diverse burrowing behaviors to allow 
ichnospecific subdivision. The same could be said of graphoglyptids (Pls. 52-55); 
but their behaviorally distinctive ichnospecies are too long-ranging compared to 
associated body fossils to serve as index fossils. 

In the present chapter, we come back to trilobite burrows (Chap. III), now with 
an emphasis on the distinction of stratigraphically useful ichnospecies. Only few 
of them can be referred to particular kinds of trilobites (Pl. 14), while others were 
probably made by non-trilobite arthropods (Pl. 11). Nevertheless, Cruziana stratig- 
raphy has become an important tool, because 


1. due to taphonomic screening the burrows are very rarely associated with skel- 
etal remains of trilobites (Pl. 14) or of other animals. This is true not only at the 
bed scale, but may apply to whole series of “unfossiliferous” sandstones. Therefore 
correlation by trace fossils becomes most useful in cratonic sandstone sequences, 
whose high porosity makes them prime reservoirs for oil and gas (Pl. 66). 
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2. like all trace fossils, trilobite burrows are undisplaceable, 
ie. they can be neither transported into other facies, 
nor reworked as “ghost fossils” into younger sediments. 

3. determinations can be made directly in the field and 
recorded by photographs, particularly under the ideal 
lighting conditions of desert climates. 


It is no coincidence that research in this direction 
started with Cruziana rugosa and its allies, because these 
large burrows call the eye of any observer. They are also 
most common. Wherever they occur, from the Andes to 
south China (Pl. 66), they cover the bedding planes, so 
that the collector must either use cranes and trucks in- 
stead of a rucksack or be satisfied with photographs or 
large-scale rubber casts. 

When Alcide d’Orbigny described these spectacular 
fossils from Bolivia and J. E. N. Delgado did the same in 
Portugal, they were still interpreted as seaweed impres- 
sions. It took the fervor of people like A.G. Nathorst and 
J. W. Dawson and a fierce (often polemic) discussion, to 
convince colleagues that these were trace fossils probably 
made by trilobites. This long history of research and the 
quantity of material are reflected in the large number of 
names given. For ichnostratigraphic purposes, most of 
these “Armorican” trilobite burrows should better be 
treated as behavioral and preservational variants of a 
single ichnospecies, Cruziana rugosa, because all share a 
similar (Arenigian) age and characteristic combed fin- 
gerprints (Pls. 12 and 66). This does not exclude the dis- 
tinction of behavioral modifications (furcifera; goldfussi 
etc,) at the level of ichnosubspecies. To my knowledge, 
Cruziana rugosa is also the only invertebrate trace fossil 
thatledto a recognized geopark. The place (Penha Garcia) 
is in Portugal and well worth visiting. 
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Plate 66 
Stratigraphic and Paleogeographic Distribution 


The range chart includes only ichnospecies that are 
morphologically well defined by size, burrowing behavior 
(stationary = rusophyciform, or plowing = cruzianaeform) 
and scratch patterns (claw formula; angle of scratches). 
With the exception of Cruziana aegyptica (Pl. 12) and 
C. nabataeica (Pl. 67), traces smaller than about 1 cm have 
been excluded because they do not preserve distinctive 
scratch patterns. This also avoids confusion with the simi- 
lar, but consistently small, burrows made by nonmarine 
phyllopod crustaceans (Isopodichnus, Pl. 23). 

You may also wonder why this scheme contains only 
forms found in fragments of the ancient Gondwana conti- 
nent? There are two answers. (1) Compared to other ma- 
rine organisms, trilobites appear to have had a limited range 
of dispersal; i.e. the planktonic larvae of benthic species (for 
only these produced burrows) were unable to reach the 
shelves of other continents if they were more than a few 
hundred kilometers away. Therefore hardly any of the listed 
ichnospecies have ever been found in other paleocontinents 
of the time. (2) The other reason is monographic. Gondwana 
was an area in which cratonic sandstones (“Nubian Facies”) 
were deposited and redeposited over vast areas during pe- 
riods of transgression. By their high porosity (no silicifica- 
tion or cementation!) these sandstones also have a high res- 
ervoir potential for oil and gas. Thus there was an economic 
interest in developing alternative correlation schemes (pa- 
lynomorphs; trace fossils) that could be used in the absence 
of standard index fossils. Unfortunately the two schemes 
cannot easily be combined. Palynomorph stratigraphy is 
based on well cores that are too small in diameter to show 
trilobite burrows. In contrast, Cruziana is found in surface 
exposures that are too deeply weathered to preserve pa- 
lynomorphs. In order to link the two stratigraphies, it would 
be necessary to core outcrops to depths where the organic- 
walled microfossils have not yet been eliminated by weath- 
ering. Without economic instigation (and without the desert 
sun emphasizing bedding plane relief), comparable stud- 
ies have not yet been conducted in other areas. As trilobites 
as a whole had a global distribution and since burrowing 
was hardly an exclusively Gondwanan habit, it should be 
possible to develop similar schemes also for other 
paleocontinents. 

It should also be emphasized that stratigraphic resolu- 
tion is understated in this scheme. In the absence of es- 


tablished index fossils, and of paleomagnetic or radio- 
metric dating, the succession of different trace fossils 
within a given sandstone sequence is commonly the only 
age criterion. Only through drilling tests (as discussed 
above) and the linkage of ichnospecies with body fossils 
in lithologically more diverse sections could their age be 
better calibrated. But unfortunately stratigraphers work- 
ing in such areas tend to neglect trace fossils in favor of 
the more reliable body fossils. 

The sparse data available from Cruziana occurrences 
outside Gondwana suggest that the evolution of burrow- 
ing appendages and of burrowing behaviors followed 
similar but independent lines. This is illustrated by bur- 
rows from the Canadian Rocky Mountains, whose multi- 
clawed scratch pattern is strikingly similar to that of the 
Lower Ordovician Cruziana rugosa. Yet the Canadian 
forms are clearly Early Cambrian in age and occur in an 
area that undoubtedly belonged to Laurentia rather than 
Gondwana. The original conclusion, that Cruziana stratig- 
raphy is after all not as reliable as we thought, was dis- 
pelled by preparation with a metal brush: in the area of 
the median furrow (which is usually hidden under ad- 
hering shale) specimens revealed a series of stronger 
scratches that are never seen in the Ordovician form. We 
thus deal with a case of homeomorphy caused by the con- 
vergent evolution of comblike appendages in two unre- 
lated clades of burrowing trilobites. However, it was the 
exopodites in the Cambrian lineage (Cruziana pectinata 
and C. jenningsi, Pl. 13), and the endopodites in the Or- 
dovician one, that became transformed into such shovels. 
Interestingly, the same trend is observed in another 
Laurentian form (Cruziana marginata), from the Lower 
Cambrian of Greenland), in which scratches of simple 
endopodites and multiclawed exopodites are combined 
with rhythmic impressions of the head shield, suggesting 
a head-down style of burrowing (Pl. 13). 

For palinspastic purposes, trilobite burrows can so far 
only be used to identify terranes of Gondwanan origin 
that happened to dock at other paleocontinents. However, 
with increased knowledge of developments outside 
Gondwana it may also be possible to document the switch 
of terranes in other provinces. For instance, it may be no 
coincidence that trilobite burrows of the Holy Cross 
Mountains (Poland) have affinities with Baltica in the 
Lower Cambrian, while the ichnospecies appearing in 
the Middle and Upper Cambrian of the same area are 
Gondwanan. 
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Plate 67 
Cambrian Trilobite Burrows 


In Pls. 67-69 representative ichnospecies are shown with 
plowing (cruzianaeform) traces on the left and stationary 
(rusophyciform) variants on the right. If both forms co-oc- 
cur, a sign indicates which is more common. Obliquity of the 
dashed lines between ichnospecies indicates which one oc- 
curs lower in a local section. Compared to the extension of 
Gondwanan shelves, samples are as yet too spotty to reflect 
differences in latitudinal provinces, which should have ex- 
isted around such a large continent. 

In the Lower Cambrian, forms from Sweden and Poland 
(Pl. 13) have been excluded because they belong to Baltica. 
Trilobite burrows from the Salt Range of Pakistan (where the 
grazing trackway of Pl. 9 was found) are not distinctive 
enough. The most important sampling areas are the Middle 
East (Iran, southern Jordan, Sinai, northwestern Argentina, 
and the Cantabrian Mountains, Spain). 

In the Middle East, the earliest form is Cruziana nabata- 
eica, named after the type locality in the ancient Nabataean 
city of Petra. Its rusophyciform burrows are relatively small. 
Nevertheless one can recognize multiclawed digging traces 
that comprise about a dozen equal scratches per set. These 
sets are imbricated, reflecting the sequence in which the ap- 
pendages became metachronically activated from rear to 
front. In their active stroke the legs were inclined backwards, 
so that transition into the recovery stroke is sometimes vis- 
ible near the midline. The angle between scratches on oppo- 
site sides is very wide in front and narrows to about 30° in 
the rear part of the body. This ichnospecies has also been 
found in the Lalun Sandstone of Iran. 

Cruziana salomonis, found further up in the Jordanian 
section near the Dead Sea (where king Solomon had his cop- 
per mines) and in Sinai,is considerably larger. In the plowings, 
scratches run almost transversally, but become angular to 120° 
in the rearmost sets of the rusophyciform version. Endopodal 
scratches contain three to four sharp claw marks. Between 
them, introvert exopodal brushings may appear in deep un- 
dertraces towards the rear part of the stationary burrow (Pl. 12). 

Cruziana aegyptica occurs in other areas of the Eastern 
Desert of Egypt. Therefore its age relationship to the previous 
ichnospecies is uncertain. The small stationary burrows show 
angular endopodal scratches and lateral zones of exopodal 
brushings, whose fine scratches are extrovert (Pl. 12). 

The Lower Cambrian of Europe (N. Spain) has yielded a 
different set of distinctive trilobite burrows whose ages are 
gauged by trilobite body fossils preserved in shale intercalations. 

Cruziana cantabrica is most similar to C. nabataeica. 
Except for its much larger size it shows the same imbrication 
of combed diggings. Proverse scratches are due to a head- 
down attitude of the body, whereby only the diggings of the 
anterior legs are preserved in the undertrace (Pl. 13). 

In Cruziana fasciculata, higher in the same section along 
the Porma River, endopodal scratches are also combed, but 


their imbrication is less pronounced. Rusophycifom versions 
taper pronouncedly towards the rear end. 

Cruziana carinata from the same section resembles the foot- 
print of a giant deer, because it is always rusophyciform. 
Endopodal scratches in the inner field are too poorly preserved 
to determine the claw formula, but the legs were certainly not 
comb shaped. The smoother lateral fields could have been pro- 
duced by the exopodites; but in the casts the boundary to the 
endopodal field forms a prominent keel rather than a recess. 

The name of Cruziana barbata from the Middle Cambrian 
ofthesame section derives from its resemblance to a moustache 
anda goat's beard in the rusophyciform version. Obviously, the 
frontal endopodites dug proversely and thereby removed the 
sediment up the anterior slope (as in Cruziana dispar, Pl. 13). 
But,as we know froma shallower and more complete undertrace 
(Pl. 13), the maker of C. barbata was much larger than the beard- 
shaped central depression. Moreover, scratches in the moustache 
and goat’s-beard sections differ not only in direction and pen- 
etration depth, but also in claw size. The ichnospecies has also 
been recognized in the Middle Cambrian of Poland, Turkey, and 
the Dead Sea area. Cruzianaeform versions are less characteristic. 

Cruziana arizonensis, in contrast, is as wide as its maker (note 
the pleural lobes!). The prominence of exopodal lobes (with in- 
trovert brushings, Pl. 12) make it similar to the Upper Cambrian 
C. semiplicata (see below). However, cruzianaeform versions of 
C. arizonensis are not only less common, but also shorter and 
never form long, continuous plowings. The name refers to a (pos- 
sibly convergent) Laurentian form of the same age. 

Forms here referred to the Upper Cambrian are less well 
constrained stratigraphically and may in part already belong 
to the Ordovician (Tremadocian). 

The type material of Cruziana omanica was sampled dur- 
ing early oil explorations. It is characterized by endopodal 
scratches whose three blunt grooves reflect a trifid leg with a 
stronger claw in the middle (Pl. 12). Cruziana lata from the 
Pacoota Sandstone of central Australia is similar, but 
rusophyciform. Its broad outline suggests that the maker 
burrowed with a strong dorsal body flexure. If the two occur- 
rences relate to the same or closely related trilobite species, 
the plowings from Oman must be oriented with the V of the 
scratches opening tailward, because only the proverse fron- 
tal scratches would be depicted. Recently, the Pacoota Sand- 
stone has been dated as lowermost Ordovician from trilobite 
body fossils. In the future, this spectacular occurrence and a 
similar one in northwest Argentina may not only clarify the 
possible synonymy with Cruziana omanica and its age, but 
also identify the maker. That such identifications are pos- 
sible by cooperation of trilobite and trace fossil experts has 
already been shown in Cruziana semiplicata (Pl. 14). Its 
maker was a notorious plower. The associated rusophyci- 
form Cruziana polonica is probably a molting burrow. In 
eastern Newfoundland (which is a displaced fragment of 
Gondwana), C. semiplicata is associated with another 
rusophyciform burrow, Cruziana leiferikssoni (PL 11), which 
occurs also in Argentina. 
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Plate 68 
Ordovician Trilobite Burrows 


When discussing its homeomorphy with Cruziana pecti- 
nata (Pl. 66), we have already come across the distinctive 
fingerprints of Cruziana rugosa: combed dig marks with 
up to twelve equal and sharp-crested claw scratches. They 
are most individualized in Cruziana rugosa rugosa. This 
"bathtub" variant is too long for a truly stationary burrow, 
but short and deep enough to become arched in lateral view 
(Pl. 66). Still there are no impressions of the pleural edges. 
Also, each multiclawed dig mark ends with a transversal 
shelf (hence the name rugosa), at which point the leg re- 
turned to the recovery stroke. In contrast, continuous plow- 
ing is recorded by the long ribbons of Cruziana rugosa 
furcifera and C. rugosa goldfussi with the only difference 
being that marginal furrows left by the pleural edges or 
spines are present only in the latter ichnosubspecies. Be- 
cause in these variants all scratches run in the same direc- 
tion and in the same plane, boundaries between subsequent 
sets are harder to recognize. 

Two undescribed behavioral variants may be added, if 
they turn out to be more than caprices of extravagant indi- 
viduals. The one figured on Pl. 13 is from France. The other 
deviation, observed near Zaragoza (Spain) and in Penha 
Garcia (Portugal), is a large C. rugosa furcifera that circles 
like Cruziana semiplicata (Pl. 14), but with an even smaller 
turning radius relative to the size of the maker. In view of 
this variability, it is all the more surprising that the maker 
of C. rugosa never produced truly stationary burrows, which 
would tell us more about its length and changes in scratch 
orientation towards the rear end. 

Two smaller forms occurring in the Armorican Sand- 
stone deserve the status of separate ichnospecies. Cruziana 
imbricata has scale-like "segments" instead of the usual 
scratches. They cannot be referred to flaplike appendages 
resembling the abdominallegs of chelicerates because their 
shingling is towards the front end, rather than towards the 
narrower rear part, in the more common rusophyciform 
version. This shingling can thus be used to orient the rarer 
cruzianaeform version. The other associate is Cruziana 
rouaulti. Being ribbon-shaped and bounded by pleural 
grooves, it looks like a minute version of C. rugosa goldfussi. 
The two lobes, however, are usually perfectly smooth. Only 
specimens from southeast Libya show combed scratches, 
but with lower claw numbers than in C. rugosa. 

In contrast to the Lower Ordovician, the Middle and 
Upper Ordovician is represented by only a few trace fossil 
localities. The most diverse ichnofauna comes from an area 
east of Wadi Rum, Jordan. In this assemblage, only Cruziana 
petraea corresponds to the familiar model of trilobite bur- 
rows (Pl. 11). In its more common rusophyciform version, 
the blunt endopodal scratches show an angular discordance 
between the front and the rear part of the burrow, although 
all scratches are retroverse. Cruziana petraea has also been 


found in Chad, Benin and Spain, where the stratigraphic 
context points to a Middle Ordovician age (personal com- 
munication of J. A. Gámez Vintaned 1996). 

The remaining forms of the Sabellarifex Sandstone (Jor- 
dan) are predominantly stationary burrows, in which the 
maker was not dorsally flexed, but inclined towards the head 
end (procline). They also show signs of heteropody: coarser 
and deeper scratches in frontal and lateral areas, while the 
inner lobes are either smooth or transversally segmented 
and show a very regular longitudinal striation. Therefore 
the trace makers were possibly chelicerates rather than tri- 
lobites (Pl. 11). Cruziana almadenensis is not only most 
representative for this problematic group; it also has the 
widest distribution (Almadén in central Spain; Algeria; 
Amanos Mountains of Turkey; Saudi Arabia). It is because 
of this ichnospecies that the assemblages in the Middle East 
have been tentatively assigned to the Caradocian, the time 
when Gondwana started to become extensively glaciated. 

In the most complete version, C. almadenensis presents 
four prominent features: (1) a vertical front wall left by the 
edge of a vaulted head shield; (2) three pairs of strong scratch 
bundles that converge towards the position of the mouth in a 
palmate pattern and may protrude beyond the contour of the 
head shield impression; (3) segmented lateral lobes bearing 
parallel longitudinal striae and merging at the rear end into 
the sole face of the sandstone; (4) two narrow central lobes, 
sunken in the cast, that look like impressions of coxae. This 
differentiation goes beyond the endopod/exopod divergence 
and points to a degree of heteropody unknown in trilobites. 
Associated plowings show only equivalents of the lateral lobes. 
Asthese are not the deepest elements in the stationary version, 
the animal appears to have plowed in a head-up position. 

A similar relationship is observed in Cruziana 
flammosa, whose deep frontal scratches do not converge. 
The broad lateral lobes are less vaulted than in C. almade- 
nensis. They meet along the midline, but are similarly 
segmented and longitudinally striated. The finely lineated 
lateral lobes of Cruziana lineata cannot be clearly corre- 
lated with those of the last two ichnospecies, because there 
are as yet no corresponding plowings. On the other hand 
there is a great similarity to the Upper Silurian C. pedro- 
ana (Pl. 69). The much smaller Cruziana perucca occurs 
in current-aligned clusters. In stationary burrows, one can 
distinguish (1) the outline of the head shield, (2) two lat- 
eral lobes, whose segments appear as series of small tu- 
bercles if they just touch the interface, and (3) two sunken 
and smooth median lobes. Median as well as lateral lobes 
are expressed in the rare plowings. 

Two kinds of stationary burrows (Cruziana balsa; 
C. radialis, Pl. 13) differ (1) by a long oval outline that does 
not taper towards the rear end; and (2) by violating the rule 
that the angle between scratches narrows towards the tail 
end of the burrow. On the other hand, neither of the two 
allows us to decipher the claw formula of the endopodites. 
C. radialis is probably a molting burrow. 


Plate 68 - Ordovician Trilobite Burrows 195 


C 


C. radialis, Australia 


Upper Ordovician 


7 13 لور یہ 
C. almadenensis, Spain, Turkey, Jordan, Saudi Arabia‏ 


Lower Ordovician 


C. imbricata, Europe, Algeria Europe, N.-Africa C.rugosa C. goldfussi 


196 


XIV ۰ Cruziana Stratigraphy 


Plate 69 
Silurian to Carboniferous Trilobite Burrows 


Silurian Forms. The end of the Ordovician is marked by the 
great Gondwanan glaciation. The following Early Silurian 
transgression resulted, first, in the deposition of bituminous 
“hot shales” in the depressions of the glacial relief and, then, 
of prograding marine sandstones. This situation - and its 
economic interest - have provided us with a rich ichnocoe- 
nosis in which piperocks (Skolithos = “Tigillites”),arthrophy- 
cids (Pls. 42, 43), and trilobite burrows are the chief elements. 

In the Libyan section, the first representative, Cruziana 
kufraensis, has been found in a sandstone that directly un- 
derlies the “hot shales”. It is a straight cruzianaeform “bath- 
tub” burrow four to five times as long as wide. Its sharp 
endopodal scratches are transversal and separated through- 
out by a median furrow; but the lobes remain relatively flat, 
so that they form a corner with the lateral walls without 
pleural markings. In contrast to C. balsa (Pl. 68), the out- 
line is not boat-shaped. 

In the Acacus Sandstone, prograding over the bitumi- 
nous shales, dominates Cruziana acacensis and its behav- 
ioral variants (Pl. 15). Its endopodal scratch sets are combed 
by five blunt claws. More delicate sets nearer the burrow 
margins were originally referred to exopodites. But as they 
run parallel to the endopodal ones, they were more prob- 
ably made by setae on a more proximal podomer of the 
same endopodite (reconstruction in Pl. 15). 

In the upper parts of the Acacus Sandstone, C. acacensis 
overlaps with another group, in which the two kinds of 
scratch sets must have been made by different kinds of ap- 
pendages. In Cruziana quadrata, only the coarse endopodal 
scratches were originally known. Assuming that they are 
retroverse, this led to a wrong orientation. Additional speci- 
mens (some of them rusophyciform) later showed that the 
seemingly smooth shelves were made by broad and finely 
setate exopodites beating in retroverse direction. This brings 
C. quadrata closer to C. almadenensis (Pl. 68) and the large 
Cruziana pedroana, whose rear lobes bear similarly fanned 
exopodal patterns. The latter ichnospecies was originally 
described from the San Pedro Sandstone (Upper Silurian) 
of northern Spain, but occurs also in North Africa. 

Not known in Libya is another giant trace of the San 
Pedro Sandstone, Cruziana retroplana. Its rusophyciform 
version has sharp, uncombed endopodal scratches that run 
transversely and suppress the median furrow in the rear part. 


Devonian Forms. Compared to the Silurian forms, Devonian 
occurrences of Cruziana are even more restricted. They 
all have transverse scratches without a recognizable claw 
formula (certainly not combed!). 

Cruziana rhenana from the Lower Devonian of Ger- 
many shows pleural impressions bounding the short 
rusophyciform lobes. In the small Cruziana uniloba from 
the Algerian Tassili, the heavy endopodal scratches of the 


two sides interfinger along the midline, so that the lobes 
are not separated by a median furrow. In the rear part, 
the scratches meet at a smaller angle. Cruziana lobosa 
from the Devonian of Libya resembles C. quadrata; but 
the endopodal scratches are not as sharp. 

Two undescribed specimens from the Lower Devonian 
near Marrakech (Cruziana isp.; courtesy of Jobst Wendt) 
show that large trilobites still produced deep “bathtub” 
burrows at that time. 


Carboniferous Forms. The continuing decline of the trilobites 
in the Carboniferous is also reflected in their meager trace 
record in Gondwana. In Egypt, C. carbonaria represents 
bath-tub burrows in the style of Devonian predecessors from 
Morocco, but at a still smaller size. A newly discovered 
bathtub Cruziana from the Tournaisian of Morocco has 
sharp endopodal scratches, whose chevrons are overprinted 
in opposite directions (D. Korn, personal communication, 
2005). Possibly it is a larger variant of C. carbonaria. 

So far, no trilobite burrows are known from Permian 
rocks. As a whole, the trace fossil record reflects the evolu- 
tionary history of these strange arthropods. Their decline 
in the Late Paleozoic is bearable from a stratigraphic point 
of view, because there was a parallel decline of the “Nubian 
Sandstone” facies, in which substitute guide fossils are most 
needed. When this facies returned in the Cretaceous (the 
real Nubian Sandstone), trilobites were gone; but impres- 
sions of angiosperm leaves provide another substitute in 
sandstones deprived of classical index fossils. 


m Cruziana cf. reticulata (L. Carb., Morocco) 
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Plate 69 - Silurian to Carboniferous Trilobite Burrows 
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Plate 70 
Trans-Gondwanan Seaway 


Trilobite body fossils provide an unusually high resolu- 
tion not only in a biostratigraphic, but also in a paleogeo- 
graphic sense. This is due to the fact that they were largely 
shallowmarine benthic animals whose planktonic larval 
stages could not be dispersed across oceans wider than a 
few hundred kilometers. This rule of thumb can also be 
applied to trilobite burrows. 

A familiar example is Newfoundland, where Cambrian 
and Early Ordovician trilobites and trilobite burrows in 
the eastern part of the island resemble European forms, 
while those in the western part have American and Pa- 
cific affinities. In former times one had to hypothesize an 
isthmus like present Panama to separate the two prov- 
inces. Nowit is clear that eastern Newfoundland was origi- 
nally situated on the eastern coast of the protoatlantic 
Iapetus Ocean (Pl. 66). It then docked, with all its alien 
fossils, at Laurentia and remained there as an exotic 
terrane when the modern Atlantic opened again. 

The Holy Cross Mountain area of Poland is another 
exotic terrane. The time of its docking is marked by a 
switch in the ages of detrital zircons, and also by trilobite 
burrows. Lower Cambrian sandstones still contain Baltic 
forms related to Cruziana dispar, while Gondwanan 
ichnospecies (Cruziana barbata and Cruziana semiplicata) 
characterize the Middle and Upper Cambrian parts of the 
sandstone series. 

Our plate illustrates another paleogeographic puzzle 
that could be solved by trace fossils in otherwise unfossili- 
ferous sandstones. It began with the recognition of a 
characteristic Silurian ichnocoenosis in the Jebel Aka- 
kus of southwest Libya and a similar one in the Tandil 
Range south of Buenos Aires. In principle this was not 
surprising, as both areas were at that time parts of 
Gondwana. But migration around the western side of the 
paleocontinent was difficult, because there was an active 
margin with no shelf habitats to speak of. Instead, the 
idea of a transcontinental seaway emerged, similar to the 
one that divided the eastern and western parts of North 
America in Cretaceous times. 

During the years, more and more occurrences of the 
Silurian ichnofauna were discovered not only in North 
Africa, but also in the Ennedi region of Chad, and south 
of the Sahara in the Kandi Basin of Benin. In the same 
direction, some elements of the fauna disappeared and 
others replaced them (see symbols on the map). As none 
of the Cruziana ichnospecies was shared by the end sta- 
tions (Akakus and Tandil), the result was a kind of relay 
correlation. 

This situation changed dramatically with the recogni- 
tion that Cruziana bonariensis, originally based on large, 
but ill defined cruzianaeform specimens from the Tandil 
Range, is in fact very distinctive. Apart from its unusual 


size (more than 10 cm wide), it resembles Cruziana aca- 
censis by scratch sets consisting of five heavy and blunt 
endopodal claw marks. In addition, a faint central groove 
can be observed in many scratch casts. 

The same fingerprint was subsequently found in an Aka- 
kus specimen that otherwise bears little resemblance to the 
Tandil material. In the front part of this rusophyciform 
burrow, scratches of the four pairs of front legs are well 
separated. They show that the claws folded together dur- 
ing the medio-posterior digging stroke and that the leg 
became tilted as it turned to the recovery stroke in a 
smooth curve (the scratch in the center, drawn in broken 
lines, belongs to another system, the other side of which 
appears in the lower right corner). In the sets following, 
the notch in each claw is also clearly expressed. 

The confusing scratch pattern from Jujuy (Museum of 
La Plata, labeled as Ordovician) is even less Cruziana-like. 
Yet, its analysis suggests a sidling trilobite (Pl. 9) that had at 
least ten pairs of five-clawed legs and was about the same 
size as the maker of C. bonariensis (dimorphichniform 
version). 

On the base of the Jujuy specimen it was possible to 
recognize another one from the Akakus sandstone as a 
fourth (diplichnitiform) version of C. bonariensis. In con- 
trast to true Diplichnites (or Petalichnus), however, it does 
not express simple walking. Rather it represents a kind 
of probing in which the endopodites penetrated deeper 
than usual and spread their five claws in the active back- 
ward swing. Notably the sets were not made synchro- 
nously on both sides. 

The geographic gap between Jujuy and North Africa 
was eventually bridged by the discovery of another 
subichnospecies of Cruziana acacensis in the Furnas For- 
mation of Parana, Brazil. The makers were smaller than 
in Africa and did not dig in a head-down position, but 
made either short rusophyciform burrows or straight 
scoopings, whose length is about three times the width 
(C. acacensis elongata; Pl. 15). In Brazil, these variants are 
poorly preserved, but in Tandil they show the typical five- 
clawed scratch sets. Similar, but more delicate scratch sets 
closer to the margins run parallel to the endopodal ones. 
Therefore they were probably made by setal claws on a proxi- 
mal section of the endopodite rather than by exopodites. 

It is a nice thought that in Silurian times one could 
have traveled from Tripolis across the Sahara to Buenos 
Aires by boat. More important, however, is the economic 
implication of this hypothesis. In North Africa, the most 
prolific sources of hydrocarbons are Lower Silurian hot 
shales. They formed in depressions that had been carved 
out by the Late Ordovician glaciation and became flooded 
with the eustatic sea level rise in the Early Silurian. As 
large parts of South America were also glaciated, petro- 
leum exploration could follow the same play - provided 
the rocks have reached maturity and are correctly dated, 
which is possible only through Cruziana stratigraphy. 
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Plate 70 - Trans-Gondwanan Seaway 
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m Cruziana bonariensis (Sil., Akakus Mts., SW Libya) 


Ichnofacies 


Plate 71 
Global Ichnofacies 


Plate 72 
Post-turbidite 
Ichnocoenoses 


Plate 73 

Frozen Tiering 

and Telescoping 

in Shallow-Marine Settings 


Plate 74 
Interactions between 
Trace Fossils 


Plate 75 
Solnhofen Mortichnia 


B eing unreworkable (except for rare and easily recognizable fragments of washed- 
out tube walls) and reflecting the response to the environment on the spot, 
trace fossils are ideal facies indicators. This relationship can be studied at different 
levels, from the global scale, independent of age, to the regional analysis of a par- 
ticular formation and to the vertical or lateral variations within single beds. 

The following plates explicitly exclude a discussion of ichnofabric. This omis- 
sion may appear strange in view of the importance that the ichnofabric approach 
has recently gained in the context of permeability estimates, sequence stratigra- 
phy and in the study of critical intervals during the history of the biosphere. There 
are three excuses for this: (1) The ichnofabric concept is adequately covered in 
other texts (Bromley 1996; Goldring 1999), as well as reports. (2) In an attempt to 
increase and quantify the data set, ichnofabric analysis emphasizes less the identi- 
fication of individual trace fossils than degrees of bioturbation and tiering pat- 
terns at the bed and sequence level. (3) Ichnofabrics are best studied on vertical 
rock faces in the field as well as in core samples. In contrast, the approach pre- 
sented in this book focuses on bedding planes and the interpretation of individual 
morphologies. It is thus difficult to apply to cores - whether they come from oil 
wells or from ocean floor drilling. 

The two approaches, ichnofabric and ichnomorphology, should be seen as 
complementary. Which is to be preferred depends on the job to be done and the 
questions to be answered. 

Instead, the following plates emphasize connections between different kinds of 
trace fossils. This starts with their distribution in different realms or substrates 
(Pl. 71). What can they tell us about water depth, salinity or substrate conditions 
and how did these relationships change through Earth history? Plate 72 focuses on 
deepsea ichnocoenoses, which show a low degree of provincialism, but react strongly 
to the import of sediments by rare turbidity currents. Temporal change at the local 
scale is also involved in the shallow marine sequences of Pl. 73. On the one hand 
hostile background conditions allow rare colonization events to be preserved with 
frozen tiers. On the other hand, burrows of subsequent generations may become 
telescoped into a single stratigraphic unit in a storm regime, with low levels of 
long-term sedimentation, diagenesis, and erosional reactivation being responsible 
for major changes in substrate conditions. This interplay is discussed in the fol- 
lowing paragraph. 


Telescoping in Condensed Intervals 


A common expression of the interplay between sedimentation, bioturbation, 
diagenesis, and event erosion are hardgrounds, which serve as marker horizons in 
carbonate mudstone series (Middle Triassic Muschelkalk; Cretaceous Chalk). Their 
history can be divided into four steps. 
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(1) An erosion event strips off the softground on 
top and exposes a deeper level, in which the mud was 
already compacted. (2) The resulting firmground is colo- 
nized by an association of burrows (mainly those of crus- 
taceans) that were able to penetrate into such a stiff 
substrate. (3) The transition of this firmground into 
a hardground by cementation, which can be induced 
either by emergence (beachrock) or, more commonly, 
by intermittent burial under a carbonate-rich soft- 
ground. Typically, the cementation front extends down- 
ward from the sharp surface of the previous firmground 
and along the walls of open burrows, so that the lower 
boundary of the cemented zone becomes very irregular. 
(4) Now lithified, the re-exposed surface becomes colo- 
nized by still another guild of rock borers (Trypanites; 
bivalves) and rock encrusters (oysters, bryozoans, serpu- 
lids, crinoids, etc). Repeated burial and re-exposure of 
the same hardground is often reflected by successive gen- 
erations of encrusters that are separated by phosphatized 
microbial coatings. 

Upon final burial, the whole complex history passes 
into the fossil record. Therefore, hardground faunas are a 
prime target for synecological studies (Pl. 73); but it 
should always be remembered that they do not represent 
census populations. 

Hardgrounds have also become important for a 
taphonomic side effect. Its open tunnels (in the firmground 
as well as the hardground stage) acted as trap lagerstaet- 
ten, in which delicate fossils such as bryozoans were pro- 
tected from mechanical abrasion as well as diagenetic 
dissolution. Such burrow fills often represent time inter- 
vals that are not represented in the bed sequence. 
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Plate 71 
Global Ichnofacies 


Half a century ago it occurred to me that there is a general 
divergence between ichnocoenoses throughout the Phan- 
erozoic. This was at the time when sedimentologists dis- 
covered the process of turbidity currents, by which sand and 
other shelf sediments are episodically transported into deep- 
sea environments. Not much later, the revolutionary con- 
cept of plate tectonics also explained why the occurrence of 
such turbidite sequences (the flysch facies of earlier geolo- 
gists) is linked with orogenic events: having formed on the 
continental slopes, the slight turbiditic deposits are prefer- 
entially thrust onto continental crust during plate or conti- 
nent collisions. Thus, the distinction between a shallow- 
marine Cruziana ichnofacies and a deepsea Nereites 
ichnofacies fitted nicely into the new scenario. 

Other types of global ichnofacies have since been added. 


1. The Zoophycos ichnofacies characterizes quiet bot- 
toms, which were disturbed neither by storms nor by 
turbidity events. Under this condition, bioturbation 
had time to completely destroy the original deposi- 
tional fabric. Only the deepest tier of burrows (Zoo- 
phycos; Pl. 38) is well preserved. 

2. Skolithos ichnofacies: nearshore sands dominated by 
protective vertical shafts (Skolithos and Diplocraterion; 
Pl. 70), expressed as piperocks in vertical section. 

3. Glossifungites ichnofacies: muddy firmgrounds in 
fairly turbulent waters that were too stiff for ordinary 
bioturbation, while protective domiciles could be ex- 
cavated by scratching (e.g., Spongeliomorpha modifica- 
tion of Ophiomorpha, Pls. 16, 17; Glossifungites modifi- 
cation of Rhizocorallium, Pl. 19) or by drilling (pholadid 
bivalves, not treated in this volume). Scratches (bio- 
glyphs) are commonly preserved on the tunnel walls. 

4. Trypanites ichnofacies: calcareous hardgrounds, in 
which domiciles can be excavated only by drilling (e.g., 
rock-chiseling pholadids) or a combination of mechani- 
cal abrasion and acid etching (Polydora, ۲1. 18; litho- 
phagid bivalves). The name is derived from Trypanites, 
needle-thin perforations of unknown authorship that are 
common in fossil hardgrounds (see also Pl. 73). 

5. Teredolites ichnofacies: similar to the Glossifungites 
ich-nofacies, except that the substrate is driftwood, 
which can also be used as a food source with the help 
of endosymbiotic microbes, such as in the bivalve 
Teredo (shipworm). 

6. Scoyenia ichnofacies: softground ichnocoenoses, whose 
diversity is reduced by nonmarine salinities (freshwater 
and salt lakes). Aside from Scoyenia (PL 32, probably 
made by earthworms or insect larvae), Cruziana-like 
phyllopod burrows (Isopodichnus, Pl. 23), swimming 
tracks of fishes (Undichna, Pl. 5) and arthropod 
undertracks (Pl. 23) are characteristic members. 


7. Oldhamia ichnofacies: microbial matgrounds, in which 
the decaying lower part of the mat is exploited by 
undermat miners (Pl. 49). 


Even further subdivisions have been made in non- 
marine or marine sediments of a particular age; but such 
distinctions approach the level of time-restricted paleo- 
communities and dilute the original concept of ichno-fa- 
cies as a time-independent complex of depositional and 
biogenic sedimentary structures. 

Our original scheme was in fact not independent of 
time either. 


1. It assumed that all aquatic environments, including 
deepsea bottoms, have been inhabited by trace mak- 
ers from early on (but see Pl. 65). 

2. It neglected the fact that members of one or the other 
realm have secondarily extended (or shifted) their 
ranges in an onshore-to-offshore direction (Zoophycos, 
Pls. 37, 38; Ophiomorpha, Pl. 17) or in the opposite 
sense (Phycosiphon, Pl. 40). 

3. The scheme also neglects the role of matgrounds before 
the Cambrian Revolution (Pl. 65) and traces reflecting mat- 
related lifestyles (undermat mining, Pl. 50; mat scratch- 
ing, Pl. 63), which locally persisted into the Phanerozoic. 


Nevertheless, the basic message of the tabulation made 
40 years ago (modified from a report for the Humble Pe- 
troleum Company) remains valid: deepsea ichnocoenoses 
retain their distinctiveness through time in spite of chang- 
ing actors. As we have seen in Chap. XI, the remarkable di- 
versity and disparity of deepsea benthos is mainly caused 
by the limited, but predictable nutrient supply and by the 
general stability through time of this low-productivity en- 
vironment, rather than by bathymetry as such. 


W Schistosity sparing traces in concretion (Puncoviscana Fm., 
Argentina) 
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Plate 72 
Post-turbidite Ichnocoenoses 


In contrast to the time-stability of deepsea habitats advocated 
in the previous plate, the lithology of flysch sequences reflects 
anything but time-constancy: pelagic sedimentation is regu- 
larly interrupted by turbiditic event beds. This contradiction 
dissolves, however, when the rock record is translated into real 
time: the boredom of years is interrupted on a single day when 
a turbidity current comes down the continental slope. Since 
only a limited area was affected by each event, it is also clear 
that its impact on the global deepsea community was as negli- 
gible as the impact of the historical Vesuvius eruption was for 
the population of Italy as a whole. 

On the other hand, the effect of a turbidity current on 
the local deepsea fauna lasts much longer than one would 
expect. When mapping modern deepsea floors, biologists 
discovered that communities on turbidite fans remain dis- 
tinct from those of unaffected areas for hundreds of years 
after the event. In contrast to the dramatic picture of a 
turbidity current killing local populations and importing 
doomed pioneers from shallower environments, the post- 
turbidite community is an ecological complex of its own. 

In the geologic record, this community is reflected by the 
post-turbidite association of feeding burrows. In contrast to 
the pre-turbidite association, of which only erosional replicas 
have survived on the turbidite soles, post-turbidite burrows are 
recognized by being filled with darker sediment in muddier fa- 
cies. They also preserve their original three-dimensionality, which 
can be studied by mechanical preparation or serial sectioning. 


Deep Tiers preserved on Turbidite Soles. At a time, when it was 
still necessary to demonstrate that most turbidites are single- 
event deposits, sole traces in relation to bed thickness were 
registered in the sandy turbidites weathering out in the steep 
coastal cliffs of northern Spain. The result was as expected: 
while the casts of pre-turbidite burrows are independent of 
bed thickness (except in the thickest beds, where erosion 
was too strong to preserve them), the post-turbidite burrows 
reach the base only in beds up to a certain thickness. 

In the present context it is interesting, (1) that the small crus- 
tacean that made Granularia (a miniaturized ophiomorphid, 
Pl. 17) outcompeted all the others, (2) that Phycosiphon reached 
much deeper levels than in the Carboniferous, and (3) that search 
patterns were not as complex as in the pre-turbidite muds. 


Tiering in a Carboniferous Post-Tubidite Community. If we read a 
flysch sequence in terms of depositional history, the lithological 
alternation between sandy turbidites and intercalated muds 
must be modified. Every turbidity current erodes, and picks 
up, muddy sediment on its way down the slope. In the de- 
positional phase, the finest fraction is deposited last and may 
take days or weeks to settle. Nevertheless, sedimentation rates 
for the “muddy tail” are much higher than for the following 
pelagic mud. Although sediments remain virtually the same, 


the boundary between turbiditic and pelagic mud is marked 
by the top of the post-turbidite bioturbation. Even though the 
post-event community may have persisted for hundreds of years, 
its original tiering has been “frozen” by the negligible rate of 
pelagic sedimentation. 

In our example from a Lower Carboniferous flysch (Austri- 
an Alps), tiering was studied by serial sectioning parallel to the 
bedding plane. The resulting glass model (here divided into three 
packages) shows three tiers. Upper-most is a level riddled by sys- 
tems of small Phycosiphon (Pl. 40). Next comes a level with fairly 
large meanders of Nereites (Pl. 34), while only the dense spiral 
system of Dictyodora (PL 29) reach the deepest level at about 
3 cm. If one takes compaction into account, this would have been 
10 to 15 cm below the corresponding sediment/water interface. 


Tiering in Late Cretaceous/Early Tertiary Post-Turbidite Com- 
munities. If one compares examples from Alpine (Upper 
Cretaceous to Eocene) flysches with the Variscan ones, some 
general changes are noticed. (1) Due to the emergence of 
calcareous plankton, the mud was micritic. (2) The number 
of ichnospecies in the community has risen. (3) Penetration 
has increased by competition. 

Interestingly, Helminthoida has not only become more 
efficient and much smaller than its Paleozoic predecessor 
(Nereites, Pl. 33), but also moved to a shallower tier. Also the 
general correlation between size and penetration depth (Pl. 73) 
is violated. Chondrites intricatus is more delicate than other 
associated chondritids (Pl. 49); still it manages to reach the level 
of large Zoophycos before radiating into root-like probings. 

In summary, tiering in the post-turbidite ichnocoenosis 
resulted probably from a long competitive coevolution. 
Whether or not the pre-turbidite ichnocoenosis evolved a 
similar niche splitting is difficult to say, because there is only 
a two-dimensional record. 

Through the Phanerozoic, diversity increased in both com- 
munities, but by different modes. Graphoglyptids (Paleodictyon) 
have their oldest record in Cambrian shallowmarine deposits. 
Later they are restricted to deepsea environments. Still they radi- 
ate tremendously in the Late Cretaceous (Chap. XI), possibly in 
response to increased food supply due to the rise of angiosperms 
in terrestrial as well as shallowmarine environments (eel grass). 
Of the later immigrants, only a few were able to enter the pre- 
turbidite club (echinoid burrows in Taphrhelminthopsis pres- 
ervation, Pl. 26; Spirophycus, Pl. 33) and only after they had been 
behaviorally conditioned in the post-turbidite association. The 
main barrier was perhaps the low level, and poor quality, of 
food in areas that were excluded from turbidity fertilization. 

In contrast, the Upper Cretaceous/ Lower Tertiary post- 
turbidite association appears to have been less exclusive. Of 
the 30 forms figured, 10 are Mesozoic immigrants from shal- 
low habitats (black arrows), 6 were already present in the 
Paleozoic (black dots), 5 evolved in place from immigrants 
(thin arrows) and 9 have no obvious outside relationship. 
Remarkably, no member of the pre-turbidite community has 
ever been found in the post-turbidite association. 
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Plate 73 
Frozen Tiering and Telescoping 
in Shallow-Marine Settings 


After having zoomed on within-bed patterns in deepsea 
sediments, we now return to shallow settings. Here, the 
dominant events are storms on open shelves and river floods 
in protected estuaries. The corresponding event beds (tem- 
pestites and inundites) resemble turbidites sedimentologi- 
cally (e.g., by grading). But not only do these events occur 
more frequently; also their impacts on the local bottom fauna 
are very different. (1) Individual tempestites and inundites 
may be too thick to become completely penetrated by the 
post-event generation of burrows, so that only their upper 
parts are bioturbated. (2) As the intervals between such events 
are too short for a particular post-event community to be- 
come established, the old inhabitants either rose to the new 
surface (escape burrows; Pl. 24) or were replaced by a new 
generation, unless the event had changed substrate conditions. 

In the absence of such events, different tiers became mixed 
as they shifted in response to gradual sedimentation. In this 
case, the lower-tier burrows always intersect the ones of the 
upper tiers (upward telescoping). The responses to negative 
or oscillating sedimentation (downward telescoping) are 
more complex - particularly if they interfere with a third 
group of processes that can be referred to as sediment matu- 
ration. This will be shown in the second example. 


Colonization Windows in Anoxic Environments. In anoxic parts 
of a basin, high-energy events are replaced by oxic events. 
They leave no sedimentological signature; but they allow 
opportunistic species to invade otherwise unhabitable 
bottoms and to tap the organics that accumulated in the 
sediment during the long anoxic intervals. The Lower 
Jurassic Posidonia Shales of southern Germany have their 
name from such an opportunist, the small bivalve Posidonia. 
It covers particular laminae, but is virtually absent other- 
wise. Since shells within an assemblage have the same size 
and are largely still articulated (“butterfly position”), we 
probably deal with a single pioneer generation that was able 
to complete its life cycle before anoxic conditions returned 
and killed the whole population. 

The rare bioturbation horizons in these bituminous 
shales tell a similar story. Dominated by chondritids (Pl. 49), 
they show a frozen tiering. But in contrast to the frozen 
tiers of post-turbidite burrows (Pl. 72) we deal only with a 
few generations of burrows, whose makers explored the 
shallow layers as juveniles and penetrated deeper as they 
grew up. A still deeper tier is occupied by the tunnels of 
crustaceans (Thalassinoides, Pl. 17), whose large size sug- 
gests that their makers immigrated as adults to take part in 
the feast. While tiering patterns are essentially the same in 
all studied horizons (levels are indicated in the stratigraphic 
column), each one has its peculiarities. Thus the crustacean 
in horizon A systematically searched for buried ammonite 


shells and excavated their body chambers. This suggests 
that remains of the ammonite's soft body were still present. 
However, as the maker of the figured burrow left across the 
wall of the body chamber, the aragonitic ammonite shell 
must already have been demineralized. 

In horizon B, the chondritid level is occupied by Phyma- 
toderma granulosa (Pl. 50) and the crustacean burrows are 
well-sized Thalassinoides (Pl. 18) with typical Y-shaped 
branchings. 

Horizon D, at the very top of the bituminous shales, is 
the world of Chondrites bollensis (Pl. 50), while the crusta- 
cean burrows show globular swellings - a feature that is 
also found in black shales of the next stage and resembles 
Halimedides in the post-turbidite association of a Creta- 
ceous flysch (Pl. 72). 

Strangely, burrow horizons of the Posidonia Shales do not 
coincide with benthic shell layers. So the two groups of pio- 
neers may have used different kinds of windows to invade 
this otherwise hostile environment. The model may also be 
applied to burrow horizons in the Upper Jurassic limestones 
of the Solnhofen area. There, Chondrites is missing, while it 
fills particular horizons in non-lithographic marls of similar 
age. Did it not find the H,S for its chemosymbionts? 


Storm Condensation. Hardground histories reach maximum 
complexity in stratigraphically condensed intervals, i.e. in 
times when long-term net sedimentation approached zero. 
In such horizons, ammonites of different biozones are found 
together in a single bed. If there is any succession, it is grading 
by shell size rather than by geologic age. In a first approach, 
one would tend to explain this phenomenon by very low 
sedimentation rate: shells lying on the sea floor became mixed 
for lack of a separating matrix. However, the aragonitic shells 
are excellently preserved, not corroded and not encrusted as 
one would expect them to be after a million-year exposure. 

Franz Fiirsich dissected such a case in coastal exposures 
near Caen (northern France). There, a condensed horizon 
(Calcaire 3 Oolithes Ferrugineuses) of the Bajocian (Middle 
Jurassic) has for long been searched by collectors for its 
beautifully preserved ammonites. The key to understand- 
ing the problem, however, came not from the condensed 
oolite itself, but from the underlying mudstone (Couche 
Verte), which is less fossiliferous but preserves a lot of 
bioturbational structures. Their study in polished sections 
revealed the complex history shown in the diagram. 

This story teaches us how historical information becomes 
stored in the stratigraphic record by the combination of 
physical, chemical, and biological processes. Whereas the 
initial mud layer probably contained a minimum of infor- 
mation, the final sediment package of similar thickness was 
stuffed with a rich and varied historical record. Also, one 
would have considered the Calcaire a Oolithes Ferrugineuses 
as just another mappable rock unit, had it not preserved the 
ammonite shells with their high stratigraphic resolution and 
the trace fossils recording changes in substrate consistency. 
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Plate 74 
Interactions between Trace Fossils 


Trace fossils provide a record of activities that took place 
millions of years ago at the very spot where we find them 
today. They can be analyzed in the same way in which a 
detective reconstructs past happenings at the site of a 
crime. So it is understandable that ichnologists dream 
of the smoking gun: two trails approaching the point of 
encounter and only one of them leading away. The reac- 
tion of the sidling trilobite in Pl. 9 to the track of a larger 
competitor comes close to this scenario. But can we be 
certain that the two trace makers actually met? Much 
more common, and more preservable, are interactions 
within the sediment, because older burrows are part of 
the “infaunal landscape”, just like other sedimentary 
structures. 

We have already come across such interactions with 
insects prefering the sites of preexisting tetrapod foot- 
prints for their pupa chambers (Pİ. 3). Similarly, the 
trackways of large arthropods became deviated by a 
Climactichnites trail in an intertidal environment (Pl. 10). 
In all these cases we deal with reactions to other traces, 
not to the animals that produced them. 


Graphoglyptids. The avoidance reaction of Spirorhaphe 
towards its own and conspecific tunnels (but not to 
associated systems of earlier generations) is repeated 
here from Pl. 52. The congruent course of Belorhaphe 
and the echinoid burrow (Taphrhelminthopsis, Pl. 26) is 
certainly not coincidental; but it remains uncertain who 
came first. In any case, the echinoid newcomer to the 
exclusive pre-turbidite community burrowed at a 
shallower level than its post-event relatives. 


Nucleocave Chondrites. In Diplocraterion from a dark 
limestone in the Lower Lias of Germany, Chondrites 
burrows penetrated twice as deep as in the surrounding 
sediment. They preferred the passive infill of the U-tube 
as well as the actively constructed spreite. A larger 
chondritid from the Middle Jurassic shows the same 
preference with regard to Zoophycos. 

Our next example is an ammonite steinkern from 
Cretaceous chalks of Poland (Jagellonian University, 
Krakövv). In the glauconitic matrix, Chondrites sys- 
tems are not restricted to the body chamber, but extend 
into what would have been the phragmocone; never- 
theless they keep protruding in an apical direction. The 
animals probably hugged the sediment-filled perio- 
stracal bag only after the aragonitic shell and septa had 
been diagenetically dissolved. Thus the case resembles 
the small Thalassinoides probing systematically into 
ammonite body chambers in Lower Jurassic oil shales 
(PL 73D). 


A similar “nucleocave” behavior is observed in stein- 
kerns of larger Jurassic Thalassinoides. The mud around 
these shrimp tunnels (Pl. 18) was originally stiffer than 
the sandy fill sediment; but the latter became sub- 
sequently lithified into a pressure-shadow concretion, 
so that it could freely weather out. Note that the branches 
of Chondrites in the tunnel fill are as widely spaced as 
in bituminous shales (Pl. 73). Smaller shrimp burrows 
in deepsea deposits (Granularia, Pl. 17) were similarly 
penetrated by widely spaced Chondrites from Romania. 
This contrasts with their close packing in the second 
example from Germany, where uniformly directed 
Chondrites is restricted to the wall lining. Probably it was 
the binding mucus that made this layer attractive for sedi- 
ment feeding. 


Trilobite "Hunts? In the previous cases one clearly deals 
with reactions to preexisting burrows. Specimens of 
rusophyciform Cruziana associated with large worm 
burrows, however, might suggest that the trilobite preyed 
on the worm. In fact, the worm burrow runs more or less 
along the midline of the trilobite burrow in all published 
"hunting scenes". Yet there are doubts. First, burrowing 
trilobites were probably sediment processors rather than 
predators, as shown by the lack of differentiated mouth- 
parts (Pl. 11). Second, the published specimens may not 
be representative, but result perhaps from accidental 
superposition and biased sampling. 

In the classic case of Cruziana dispar, teichichnoid 
burrows are common enough on the adjacent bedding 
plane for accidental superposition. Also the worm bur- 
row (blank) appears to intersect trilobite scratches. In- 
tersection of Cruziana acacensis by Arthrophycus is 
even clearer; i.e. the worm burrows were produced only 
after their tiers had shifted upwards due to additional 
sedimentation. Yet their alignment with trilobite burrows 
is not random. Probably the worm simply followed the 
depression that the trilobite had made in the mud/sand 
interface. This leaves Cruziana carleyi as the only can- 
didate for a real hunting scene. But as this is probably a 
molting burrow, it is unlikely that the trilobite was in the 
mood for hunting 

These are only a few examples. Others can be found 
throughout the book, such as the usurpation of Miocene 
Rhizocorallium (Glossifungites) tunnels by thalassinid 
shrimp in an Eocene firmground (Pl. 19), the mutual 
avoidance reactions in chondritids (Pl. 50), other 
"fucoids" (Pl. 48), and the phobotactic behavior of 
Nereites (Pl. 34). 

In general, it should always be remembered that as- 
sociations of trace fossil are strictly autochthonous, but 
that they do not necessarily represent isochronous snap- 
shots. Buried bedding planes served as writing pads for 
many generations of trace makers! 


Plate 74 - Interactions between Trace Fossils 


Interactions 


Paleodict. nodosum 
+ Spirorhaphe, 
Eocene, Austria 


graphoglyptids 


Taphrhelminthopsis 
+ Belorhaphe, Eoc., Spain 


spreite burrows 


Diplocraterion + Chondrites, L. Jur., Germany 


in Thalassinoides, 
L.Jur., Germany 


nucleocave Chondrites 


in ammonite shell, 
Le Ad U. Jur., Poland 
in Granularia [S 
Eocene, Romania U. Cret., Germany 


trilobite “hunts” 


Cruziana 


i C.carleyi acacensis 
à det. j + Teichichnus, + Arthrophycus, 
C. dispar, L. C., Sweden U. Ord., Ohio L. Sil., Libya 
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XV ٠ Ichnofacies 


Plate 75 
Solnhofen Mortichnia 


In aquatic Konservat-Lagerstaetten, the absence of trace 
fossils stands for hostile conditions in the bottom water. 
Thus, whole skeletons could be preserved without the 
destructive interference of scavengers. Conversely, bur- 
rowed horizons in the Lower Jurassic Posidonia Shales 
(Pl. 73) signal oxic events in an otherwise anoxic setting. 
On the other hand, tracks or undertracks would remain 
undiscovered even if they had been present, because the 
bituminous rock neither splits nor weathers along bed- 
ding planes. 

In the Upper Jurassic lithographic limestones of Soln- 
hofen and Nusplingen (southern Germany) the situation 
is different. Due to selective calcification of turbiditic 
event layers (Flinz) versus background sediments 
(Fäulen), quarried slabs expose the most delicate bed- 
ding-plane features, including low-relief elephant skin 
structures caused by microbial mats (Pl. 58). There are 
also rare surfaces covered with roll marks of ammonite 
shells that had been picked up by muddy turbidity cur- 
rents (Pl. 57). Also preserved are drag marks of jellyfish, 
driftwood, or other dead objects that ripped away the 
microbial scum along their paths. 

All the more remarkable are biogenic structures that 
hardly deserve to be called Lebensspuren (= traces of life), 
because they record the last movements (or even post- 
mortem convulsions) of the trace makers preserved to- 
gether with them. So they may not record regular activi- 
ties; but at least it is certain who was responsible. 

Most common are limulids at the end of their track- 
ways (Kouphichnium; Pl. 6). An experienced quarryman 
recognizes the pattern and knows exactly in which di- 
rection to dig for the prized body fossil. Nor does he have 
to dig far, because even a sturdy horseshoe crab made it 
no more than a few meters after touching bottom in the 
asphyxiating environment. There is only a minor draw- 
back: limulids thus preserved never reach the body sizes 
recorded by trackways in marginal facies. Probably only 
juveniles swam up and became swept into the anoxic zone 
when a turbidity current passed by. A very small indi- 
vidual described by the late Rudolf Mundlos tried to 
swim up again and died upside-down. 

The figured specimen of Mecochirus had a similar fate; 
but it tried to escape backwards and did not manage to 
crawl as far as the limulids. 

In contrast, Antrimpos lived nektobenthically, like 
modern shrimps. As Giinther Schweigert found out, 
most specimens in the Nusplingen Basin are exuviae 
that sank down through the water column. The figured 
individual, however, was still alive. As shown by its trail 
(Telsonichnus), it did not crawl after having landed, 


but moved forward by strokes of the abdomen before 
it died. 

Death marches with the animal at the end are also 
found in displaced benthic mollusks. The burrowing bi- 
valve Solemya (Pl. 6) loves low-oxygen muds as an en- 
ergy source for its endosymbionts. Still, it survived only 
briefly in this harsher environment. The same was true 
for gastropods, whose winding trails and crushed shells 
are too small for identification. 

Fish were rarely alive when reaching the bottom. In 
the figured case, however, the tail still made some swim- 
ming motions. This is shown by the body impressions 
and the blown-off biomat around the head, which was 
already sticking in the mud. As the curved impressions 
fail to align with the fish tail, it is also possible that they 
stem from smaller scavengers that managed to reach the 
otherwise toxic bottom. 

For completeness, one should also mention post- 
mortem traces. Dead fish came down belly-up, as shown 
by the landing marks of the head, the dorsal fin and the 
tail fin. But after having fallen to the side, the carcass 
suffered a dorsal bend that is found only in a few other 
Konservat-Lagerstaetten. Such bends are well known in 
all skeletons of the famous Archaeopteryx, as well as in 
carcasses of modern birds after desiccation in the sun. 
They are due to shrinkage of the ligaments that connect 
the dorsal spines of the vertebral column. The same phe- 
nomenon may occur underwater, if the ligaments are de- 
hydrated by osmosis. Thus one may assume that anoxia 
was combined with hypersalinity in the bottom waters 
of the Solnhofen basins. In the bending process, the tail 
fins of fish carcasses commonly broke off because they 
were held in place by the sticky matground. 

Shrimp carcasses also reached the bottom in a belly- 
up attitude, producing landing marks of the rostrum, the 
stalked eyes and the buckled abdomen. When the car- 
cass tilted, the eye mark on the tilting side became more 
deeply impressed. The body also suffered taphonomic 
bending, but in this case to the ventral side. In the fig- 
ured specimen, the bending tail fan scraped off a heap 
of mud, so the deformation must have occurred well af- 
ter the animal had died. 

Ammonite shells (Perisphinctes) reached the bottom 
in swimming attitude, which can be reconstructed from 
the landing mark. As they remained in place until the 
shell tilted, the animals were already dead upon landing, 
but with the soft parts still in place. Yet no one has ever 
found impressions of the arms, which were probably re- 
duced to a delicate filter fan. 

Although such markings are exceptional, I would like 
to call them mortichnia - perhaps an adequate act upon 
finishing this book and a happy affair that has lasted for 
sixty-five years! 
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m Death march of Limulus (U. Jur., Solnhofen) 


Glossary 


agglutination 
backfill phantom 
ballast shell 
Bauplan 
bioglyphs 
cephalon 


cololites 


coxae 


death masks 


doublure 


draft fill 


epichnial (epirelief) 


farming 
flysch facies 


Furchensteine 
Golden Age 


hypichnial 
hypostome 


ichnotope 


inglutination 


Reinforcement of an external skeleton or a tube by sand or other 
sedimentary particles. 

Part of a backfill burrow in which the general shape and length of 
the trace maker is reflected. 

Shell thickened beyond the requirements of protection to make it 
heavier, for instance in burrowing. 

German term to describe the basic construction and architecture 
of an animal and its skeleton. 

Scratches on burrows left by digging appendages and other non- 
intentional “fingerprints”. 

Head shield of trilobites produced by fusion of segments (tagma- 
tization). 

Fossilized contents of the intestine. Due to very early microbial 
cementation, they depict the morphology of these soft organs and 
commonly have a higher preservation potential than any other part 
of a vertebrate carcass. 

Basal elements of arthropod legs; in trilobites used for transport- 
ing food particles to the mouth. 

Impressions of soft organisms stabilized by mineralization of mi- 
crobial films coating carcasses (typical for Ediacaran body fossils; 
Pl. 62). 

Ventral rims of calcified dorsal carapaces of trilobites, providing 
strength and keeping sediment from sliding into filter chamber by 
outwardly ratcheted terrace lines. 

Passive filling of a cavity through openings of a smaller diameter 
with a terminal fill channel of the same diameter preserved along 
the crest of the burrow. 

See Pl. 31. 

Term for ectosymbiosis with micro-organisms that can use nutri- 
ents not exploitable by the host. 

Old term in Alpine geology for sedimentary sequences now inter- 
preted as deep-sea turbidite facies. 

Cobbles from lakes corroded by modern insect larvae. 

Term for periods in which equable climates allowed evolution to 
reach unusually high levels of diversification and specialization. 
Golden Age biota were thus unusually vulnerable towards global 
catastrophies. 

Preservation of trace fossils on the soles of sandstone beds (PI. 31). 
Mineralized ventral element in front of trilobite mouth (Pl. 11), pro- 
viding purchase for muscles of the suctional stomach. 

Site, in which a characteristic suite of ichnofossils is preserved in a 
particular kind of rocks. 

Internal skeletons consisting of sand or finer clastic particles. 
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Glossary 
mantle burrows 


meniscoid 
parataxonomy 


pereiopods 
proboscis 

pygidium 

Red Queen filtrators 
rhachis 

seleniform 

shadow trace 


spicate 
spreite 


stylolitization 


taphonomy 
telson 
terrace lines 


thigmotaxis 


toponomy 


undertrace 
wiggling phantom 


Tunnels, the walls of which are actively reinforced either by mucus 
impregnation or a lining of marginal backfill (see Plate 37). 
Watchglass-shaped. Used for terminal backfill structures in burrows. 
A classification in which parts of an animal, or its work (traces), 
with uncertain relationships, are classifified and named separately. 
Arthropod appendages specialized for walking. 

Evertible mouth, particularly in worm-like animals. 

Fused tail shield of trilobites fitting against cephalon in enrolled 
state for protection of the non-mineralized ventral side (Plate 11). 
Planktonic animals that reach almost neutral buoyancy and com- 
pensate the rest by constant beat of swimming organs acting as 
strainers. 

Axial part of trilobite carapace, containing intestines. 
Halfmoon-shaped. Used for the cross-sectional aspect of terminal 
and transversal backfill structures (crescentic). 

A less distinct trace pressed through to an adjacent bedding plane 
not touched by the trace maker (see Plate 2 for a corresponding 
vertebrate expression). 

Chevroned trail pattern resembling an ear of wheat. 

Term derived from early interpretations when trace fossils were 
regarded as plants and the webs between the shafts of rhizocorallid 
burrows were taken for the photosynthesing areas of a leaf. Now 
used for transverse backfill structures in general; see Plates 18, 37. 
Process in late diagenesis, by which a pressurized water film dis- 
solves the rock on either side of a former bedding plane and thereby 
obscures trace fossil reliefs or projects tubes into one plane. 
Science of the post-mortem fate of biological remains, including 
decay, transport, burial, and diagenetic alteration or elimination. 
Arrow-like tail spine of horse shoe crabs, used for rear support in 
locomotion and for righting-up. 

Ratcheted sculpture on arthropod outer skeletons, providing pur- 
chase in burrowers and crevice dwellers. 

Behavioral tendency to keep in touch with, or maintain a certain 
distance from, previous parts of the same or another burrow with- 
out overcrossing. 

Spatial relationship of traces to layers of different grain size. Coarser 
beds serve as reference. 

Expression of surface track on bedding plane within the sediment. 
Directional changes too abrupt and to closely spaced for a long 
worm-like trace maker. 


A 


Acila 64,94, 95 
acorn worm 148, 149 
actinians 64, 65 
agglutination 159, 215 
agrichnia 152 
alate 108, 109 
alectorurid 108 
Alectorurus 108 
Algacites 131 
algal sand ball 159 
Allamoore structure 168, 169 
Allocotichnus 22, 23 
ammonite, steinkern 210, 211 
anactualistic 166 
Anconichnus 114 
Ancorichnus 94, 95 
animal 
-,modern 176 
-,nektobenthic 66 
Antarctica 102 
Antrimpos 212, 213 
Aphrodite 61, 66, 68, 69 
-,undertrace experiment 66 
Archaeoniscus 68 
Archaeopteryx 20, 212 
Arenicola 64, 65, 106, 107 
Argentina 101, 102, 184, 185 
Aristophycus 166, 167 
Arizona 12 
Arkansas 134, 135 
Arthrophycus 92, 122, 124, 126, 128, 210 
— alleghaniensis 119, 122, 123, 124, 128 
—, lateralis 124, 125 
—, linearis 122, 123, 126 
—,linearis 122, 123 
-,protrusiva 122, 123 
Arthropleura 22, 23, 24 
arthropod 
-,legs 17 
-,nests 52 
-,trackway 22 
-,tunnels 52 
artifact, preservational 174 


Arumberia 166 


Aspidoceras 164, 165 
Asteriacites 70, 71,100, 160 
-,gugelhupf 70, 71 
—, lumbricalis 70, 71 
-,quinquefolius 70, 71, 74 
Asterosoma 134, 135 
-,coxii 134, 135 
— ludvvigae 134, 135 
-,radiata 136 
-,radiciformis 134, 135 
Astropecten 70, 71 
Astrophycus 134 
Astropolichnus 72, 73 
Astropolithon 166, 167 
Atollites 136, 137 
Aulichnites 84, 85, 86, 178 
Aulozoon 178 
Australia 101, 102, 192, 193 
Austria 58, 84, 85 


B 
backfill 
- body, bi- and tripartite 86, 87 
-,phantom 78, 79, 82, 83, 215 
-,radial 134 
-,structure 78, 100, 108, 109, 117 
-,transversal 108, 109 
bacteria, farmer 106 
Bajocian 208 
Balanoglossus 106, 107 
ballast shell 215 
bark beetle 140, 141, 148, 149 
Bassaenia 154 
behavioral 
-,evolution 78 
-,psammichnitid 84, 85 
— program 142 
—, variants 38 
Bellerophon 58 
Belorhaphe 152, 153, 154, 210, 211 
Benin 101, 102 
Bergaueria 64, 65, 72, 73 
— phallica 72 
-,radiata 72, 73 
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-,sucta 72, 73 C 
Bicavichnites 182, 183, 184, 185 
Bichordites 68,78 Calcaire à Oolithes Ferrugineuses 208, 209 
Biformites 94, 95 California 116 
Bifungites 58, 59 Callianassa 50, 54, 106 
—, biclavatum 58 Cambrian 180, 181 
Bilobites 31 -,Explosion 173 
biofilm 173 - Substrate Revolution 18 
bioglyphs 215 Canada 72, 73, 134, 135 
biomat 159, 166, 173, 178, 180 Cancellophycus 110 
bioturbation 184, 185 carapace 32 
—, horizon 208 Carboniferous 85 
bivalve 64, 65 Caulostrepsis 56 
-,protobranch 64 centrifugal 108 
Blastophycus 166, 167 centripetal 108, 110, 111, 140 
body cephalon 215 
—, backfill 82, 83, 86, 87 Chaetopterus 106, 107 
-,fossil 159, 173 Chagrinichnites 
bolide 8, 9 -, brooksi 68, 69 
bollensis 144 -,0sgodi 68, 69 
Bolonia 78, 79 character displacement 154 
borer 202 Cheiichnus 38, 39 
Borneo 54, 55, 112 Chelonichnus 12, 13 
bottom chemosymbiotic 58, 142 
-,sandy 66 chert 168, 169 
-,side , 81 Chirotherium 5, 6, 7, 8, 10 
branching 106, 128 -,sandstone 10 
— point 142 Chloephycus 164 
Brooksella 120, 136, 137, 166 Chondrites 45, 58, 103, 142, 144, 152, 154, 208, 210 
-,canyonensis 166 -,bollensis 140, 142, 143, 144, 208 
bulldozer -,intricatus 143, 144, 206, 207 
-,infaunal 75 -,patulus 143,144 
-,molluscan 80, 81 -,recurvus 138, 143, 144 
-,short 75 -,targionii 138, 143, 144 
-,wormlike 89 Chondrorhaphe 154 
bulldozing 75 chorhat structure 175 
burrow 12,31 circling 101 
-,crab 50 Cladichnus fischeri 138, 139 
-,daedaloid 103, 112, 113 classification 92 
-,echinoid 78, 79 —, trace fossil 92, 93 
-,insect 52 Climactichnites 18, 28, 176, 180, 181, 210 
-,mantle 216 Cochlichnus 96, 97, 152 
- resting, coelenterate 72, 73 Coconino Sandstone 17 
—, short bulldozer 75 collapse caldera 10, 11 
-,shrimp 50 cololite 159,215 
-, spiral 96, 97 compaction, lateral 170 
-,stripminer 103 compartmentalization 162 
-,unbranched 94, 95 competition 146 
-,worm 89, 186 complexity 92, 93 
-,wormlike bulldozer 89 concretion 136 
burrowing -,calcareous 72, 73 
-,attitude 38 cone-in-cone 168, 169 
-,clam-type 64 Conostichus 72, 73 
-,crustacean-type 64 corkscrew 54, 55 
-,deep 70 -, burrow 96, 97 
-,sculpture 64 Cornberger Sandstone 12 
-,techniques 38, 64, 65 Corophium 58, 60, 106, 136 


-,worm-type 64 -,arenarium 106, 107 


-,volutator 106, 107 
corrugation, transverse 80 
Cosmorhaphe 152, 153 

-,involuta 153 

-,lobata 152, 153 

-,neglectens 152, 153 

— parva 152, 153 

-,sinuosa 150, 152 

-,tremens 152, 153 
Couche Verte 208, 209 
counter-septaria 168, 169 
coxae 215 
crab burrows 50 
cracking, sequential 168 
Crangon vulgaris 66, 67 
Cretaceous 143 

-,chalk 50, 51 
Criophycus 116, 138, 139 
Crossopodia henrici 84 
crustaceans 45 
Cruziana 31, 34, 36, 38, 52, 68, 92, 122, 180, 187, 190, 194, 

196, 198, 204, 210 

-,acacensis 34, 36, 42, 196, 197, 198, 210, 211 

-,acacensis 42, 43 
-,elongata 198 

— laevigata 42, 43 
-,retroversa 42, 43, 44 
-,sandalina 42, 43 

-,aegyptica 36, 37, 190, 192, 193 

-,almadenensis 194, 195, 196 

-,ancora 38, 39, 42, 43, 44, 122, 138 

-,ancora 43, 44 
-,angusta 42, 43 

-,arizonensis 192, 193 

-,authorship 34 

-, balsa 194, 195, 196 

-,barbata 38, 39, 192, 193, 198 

—, bonariensis 42, 198, 199, 200 

—, cantabrica 192, 193 

—, carbonaria 196, 197 

-,carinata 192, 193 

-,carleyi 210, 211 

-, dispar 34, 35, 38, 39, 192, 198, 210, 211 

-,fasciculata 192, 193 

-,flammosa 194, 195 

-,goldfussi 34, 35 

-,ichnofacies , 205 

-,imbricata 194, 195 

-,isp 196, 197 

-,jenningsi 38, 39 

-,jenuinasi 190 

-,kufraensis 196, 197 

-,lata 192 

-, leiferikssoni 34, 35, 192 

-,lineata 194, 195 

—, lobosa 196, 197 

-,marginata 190, 191 

—, modifications 38 


İndex 


-,morgati , 35 
-,nabataeica 190, 192, 193 
-,omanica 36, 192, 193 
— pectinata 190, 191, 194 
-,pedroana 194, 196, 197 
—,perucca 194, 195 
-,petraea 36, 194, 195 
-,polonica 38, 192, 193 
-,pudica 34, 35 
-,quadrata 196, 197 
—,radialis 38, 39, 194, 195 
—, reticulata (cf.) 190 
-,retroplana 196, 197 
-,rhenana 196, 197 
-,rouaulti 194, 195 
-, rugosa 34, 35, 38, 40, 188, 189, 190, 191, 194, 195 
-,furcifera 194 
— goldfussi 194, 195 
— rugosa 194, 195 
—,salomonis 36, 37, 192, 193 
-, semiplicata 36, 38, 39, 40, 41, 192, 193, 194, 198 
-,authorship 40 
-,search behavior 40 
-, stratigraphy 187 
-,uniloba 196, 197 
cruzianaeform 198, 199 
cruzianiform 190 
crypto-actualistic 166 
Cryptolithus 52, 53 
Ctenopholeus 52, 53 
cubichnia 61 
Curvolithus 86, 87, 88, 100, 102 
Cycloichnus 112, 113, 138, 139 


D 
Dactyloidites 120, 136, 137 
daedaloid burrow 103, 112, 113 
Daedalus 58, 82, 112, 113, 120, 122, 124, 126, 128 
—,archimedes 126, 127 
-,desglandei 112, 113, 126, 127 
—, halli 126, 127 
—, labechei 126, 127 
-, multiplex 128, 129 
—, verticalis 124, 125 
Daimonelix 12, 54 
death mask 173, 215 
deep burrowing 70 
deepsea 84, 85, 184, 185 
—,floor, modern 96 
Dendrotichnium 93, 152, 153 
depression, median 80 
Desmograpton 
-,geometricum 154, 155 
-,ichthyforme 154, 155 
-,universum 154, 155 
Devonian 85 
Dickinsonia 178, 179 
Dictyodora 82, 83, 84, 86, 96, 97, 112, 126, 206, 207 
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Index 


dig trace 8, 9 

digestion 178 

dimorphichniform 198, 199 

Dimorphichnus 26, 27, 32, 34, 50 

Diplichnites 26, 34, 184, 185, 198 
-,gouldi , 23 

diplichnitiform 198, 199 

Diplocraterion 56, 57, 58, 60, 108, 124, 204, 210, 211 
-,cincinnatiensis 58, 59 
-, yoyo 56, 57, 58 

discontinuous 108 

diversity 206 

dogfish 14, 15 

double groove 86, 87 

doublure 34, 215 

draft fill 54, 55, 215 

drag pile 20, 21 

dragonfly 148, 149 

drainage 146 

Dreginozoum 98 

driftwood 204 

drilling 204 


E 
Early Silurian 197 
Echinospira 110, 111 
Ediacara 181 
elephant skin 178, 179, 212 
—,structure 166, 167 
Emerita 64, 65 
encruster 202 
endichnial 78, 79, 98, 99 
endopodites 190 
-,claw traces 36 
Eocene 79, 111 
Eochondrites 140 
Eoporpita 162, 163 
epichnial 78, 79, 86, 98, 99, 215 
epipsammon 66 
epirelief 54, 55, 215 
-,negative 136 
etching 204 
ethological 92, 93, 136 
Euryale 70 
eurypterids 22 
event, oxic 208 
evolution, behavioral 78 
-,psammichnitid 84, 85 
exopodal brushing 36 
exopodites 190, 196, 197 
experiment 176 
-,undertrace 66, 67, 70 


F 

facies, fİysch 215 
faecal pellet 94 
fannings 100, 101 
farmer 148, 149 


—, bacteria 106 
farming 150, 151, 215 
Faulen 212 
fault deformation 12 
Favreina 50 
feathering 142 
feeder 

-,sediment 106 

— suspension 106 
fill channel 55 
filter chamber 34 
fingerprint 117 
firmground 202, 204 

-,modifications 58 
fish 212, 213 

-,trail 14 
fitness 154 
flatfish 66 
flatfooted 8, 9 
Flexicalymene 31, 34, 35 
Flinz 212 
flysch facies 78, 79, 111, 204, 215 
fodinichnia 152 
footprint 10, 11, 12 
foraging 150, 151 
form, teichichnoid 52 
forward 50 
fossil 

-, form, modifications 70 

-,Rhizocoralliids 56 

-,small shelly 173 

-,volume 8, 9 
France 38, 39, 112 
Frondescent cast 168, 169 
frozen tiering 209 
Fucus 131 
Fucusopsis 134, 135 
function 75, 126 
Furchensteine 160, 215 
furcifera 188 
fusiform 134 


G 

gallery system 54, 55 

gas bubble 176 

gastropod 212 

geochemical 182 

geopetal 78, 79, 108, 109 

Germany 34, 58, 210, 211 

ghost shrimp 50 

giant 146 

glass model 120, 121 

globular 162 

Glockeria 154, 155 
-,alata 154, 155 
-,dichotoma 154, 155 
-,glockeri 154, 155 

Glossifungites 59, 60, 204, 205, 210 


Golden Age 215 
goldfussi 188 
Gordia 96, 97 
Grand Canyon 12 
Granularia 54, 55, 94, 95, 150, 206, 210, 211 
graphoglyptids 146 
Greece 116 
grooves 176 
guided spirals 97 
Gyrochorte 100, 101, 102, 122, 126, 134, 138, 160, 166 
-,comosa 100, 101, 102 
-, zigzag 102 
gyrochortids 100, 101 
-, repetition, vertical 100 
Gyrolithes 54, 55, 96, 120, 144 
Gyrophyllites 136, 137 
-,doblhoffi 138, 139 
Gyrophyllitids 136 


H 
Haentzschelinia 138, 139 
hairpin structure 176 
Halimedides 208 
-, fuggeri 138, 139 
Halopoa imbricata 134, 135 
hardground 201, 202, 208 
Harlania harlani 122 
head shield 194 
Heimdallia 100, 101, 102 
Helicocosmorhaphe 152, 153 
-,helicoidea 152, 153 
-,sigmoidalis 152, 153 
Helicolithus 152, 153 
-,sampelayoi 152, 153 
—, tortuosa 152, 153 
helicospiral 144 
Heliochone 120, 121, 184, 185 
Helminthoida 96, 150, 168, 206 
-,labyrinthica 98 
Helminthorhaphe 150, 152, 153 
-, crassa 152, 153 
-,japonica 152, 153 
-,reflecta 151 
Helmithoida 96, 97, 114, 168, 169, 206, 207 
-,labyrinthica 99 
heterolithic 82, 83 
Hiemalora 162, 163 
homeomorph 148 
homeomorphy 190 
hopping tracks 22 
Hormosiroidea 152, 153 
Horodyskia 176 
Humilis preservation 126, 127 
Hunsriick slate 20, 21 
Hydrancylus 138, 139 
hypichnial 78, 79, 86, 98, 99, 215 
hyporelief, positive 182 
hypostome 32, 215 
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ichnofabric 201 
ichnotope 215 
-,Buntsandstein-Type 8 
-,Coconino-Type 12 
-,Connecticut-Type 8 
—, Tambach 10 
Imbrichnus 64, 65 
impact cast 164 
infaunal 178 
inglutination 159, 162, 215 
insect 45 
-,burrow 52 
—,larvae 94 
instrumentation 142 
intercutting 92 
Intexalvichnus 52 
inversion 100 
Iraq 38, 39 
Isopodichnus 31, 34, 68, 184, 190, 204 
— tugiensis 68, 68 
Italy 94, 138, 139 


J 
jellyfish 17 
Jiyuanichnus 160 
Jurassic 71, 135 

-,oil shale 168, 169 


K 

Kentucky 59, 60, 114, 116 
Kimberella 178, 179, 180, 181 
kinematics 126 

Kinneyia 166, 167, 176 
Kirklandia 136, 137 
Konservat-Lagerstaetten 131, 212 
Kouphichnium 20, 212 
Krebsscheren-Kalke 54 
Kulindrichnus 72, 73 
Kupferschiefer 170 


L 
lagerstaette 8, 174 
-,Solnhofen-type 68 
lamellae, secondary 124 
landing mark 212, 213 
Lanice 106, 107 
Lapispira bispiralis 58, 59 
Laurentia 190, 191, 192 
leaf moth 148, 149 
Lebensspuren 212 
Lennea schmidti 108, 134, 135 
Libya 108, 109, 128, 129 
Liesegang 168, 169 
limpets 148, 149 
limulid 212, 213 
-,tracks 20 
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222 Index 


Limulus 20, 24, 28, 34, 214 Mop structure 166, 167 
line, sinusoidal 80 movement, undulatory 94 
lineation, concentric 180 mud 
lithology 206 -,facies 82, 83 
load cast 166 -, pellet 54 
lobate 58,110 -,phantom 82, 83, 86, 87 
lobe, lateral 194 Muensteria 94, 95 
Lobichnus 166 Muschelkalk 160 
Lockeia 64, 65, 68, 68, 168, 169 Myrianites 84 
Lophocteniids 114, 115 
Lophoctenium 114, 115, 116, 138, 144, 166 N 

-,comosum 115, 116 Natica 64, 65, 80 
Lorenzinia 154, 170 Nautilus 168 

-,apenninica 154, 155 Neantia 166, 167 

—, moreae 154, 155 nematode 94 
Lovver Cambrian 193 Nenoxites 94, 95, 98, 178 
Lower Carboniferous 207 Neonereites 98, 99, 162, 163 
Lower Cretaceous 59 —, biserialis 98, 99 
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